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The i)rogranl included the eonstrm'tion of a sperial u,c

apparatus, a 1- by 10-inch boundary-layer dm.-

m,l with provisions for usi.g t)oth air a tt(] h(,lium
as test media. In ron,ertion with using helium, u,

it was necessary to d(,terntin(' the equivalence of u*
air and h(,lium in the (url)uh,nt l)oun(lary layer.

This is ('over(,d fit sore(, d(,tail in later se(.lions, l"
d'

)1, lit, t)

q

(_turb

SYMBOLS

:[ ill'ell

a sl)ee([ of sound ,rr_
T w

('f ('o(,ffi('ient of local skin fri('(ion, (l/2)pfl _+_ y

('), (,oefli('i(,nt of lo('al skin f,'i('tion for ineom-
pr(,ssibh, ih)w !/*

p-- p
("';, pressure coellicienl, - _-

%
ep spe('ific h(,a( at ('onstan( pr(,ssure A

c,, sp(,cifi<' heat at constant vohmw 6

h (,nlhalpy per unit mass
k ('o(,flh'i('.( of th(,rmal (.on(hwtivity

/. length from nozzh, throat 1o (.(,nl(,r (>f "0
skil>fri('liott e|(,m(,nt

I ('hara('t (,fist i(' r(,f(,r(,n('(' l(,ngth

3/ Mud) nutnl)('r n_

3/,, (,quivah'nt air Ma('h tmml)(,r (s(,(, (,q. (!)))
0

p st n( ir l)r(,._sur('

l'r ])ran(Itl number, c,_
/c

C_,t X
(tlrl)tth')l( ]'rand(l l{lHlllbOl', _,

convt,(qive heal-|l'l|llsf(q' l'ltl.t, per unit area U

in the boundary layer in the y direrti(+n
P

(urbul('nl h(,at-lransfer l'ttte per unit area,

in th(' !/(lirt,clion

"Ip +A I _"
q+ dynamic l)l'(_SSllre, '2 , or (1/2)o=[ "_'

l: gas (.'onst ant P

[r+p+L r
Re+. l_eynohls nunll)(,r l)as(,([ on L,- r,_b

l,'e+ Reynohls nund)er based on I, ! +++p+l

l_'e. R(,)'tlohls lltllnbtq' at skin-friction (,h,m(,nt

m(,asur('d from (ransition point,

l "+p_(L_xt,) l _.,p+Y

l:ew Reynohls numb('r based <)n wall l)roperti('s,

• / + "_(_.+o+(o,. r +p+*wh,.,,++=<
/#w \ _w

T static temp(,ratur(,, °R

t static (('ml)('rature, °F

v(,lo('ity ('ompo)lents ill th(' .c und y dir('c-

tions, r('sl)t'('live|y

frirtion velocity) _ _
?!

dimensionless w,locily, u_

free-stream velocity

coordinat(' parallel to fr(,(,-str(,am fh)w

direction and h,ngth from transition

point to ('(,nt(,r of skin-fri(qiotl (,](,ment

length from nozzh' throat, to transition

I)oint
coor(lina((' l)('rl)(,n(li('uhtr to th(, wall

(limcnsiovd('ss y (.oor<livmt(', yu,
Pu,

ratio of sp(,('ifi(' h(:ats, c,,
(' r

increment of a quantity (('.g., A.],[)

boun(htry-htyer lhicktwss
T I urb

eddy vis(!osity, _)u/Oy

dim(,tlsionh'ss coor(linat(' pi.rp(,n(li('uhtr to

the wall, y/

re('ov(wy fa<'(or, _v_i"

boundary-|ay('r momentum thi('l,:ness,

pu _ u d?/,,)
-- (_ t *lrb

eddy ditfusivity, 87'/_?I

vis('osi(y

kinemalic viscosity, _
p

<lim(,nsionh,ss ('oor(lina((' l)arnlh'l to free-
,r.

s(r(,am flow (lire(qion, /

mass d(,nsity

shear in th(' boundary layer
t url)ul('nt, sh(,ar in the l)otm<lary layer

SUBSCRIPTS

oo fr(,e-str(,anl (,on(litions at (,h'm('nt h)calion

t local total conditions, for ('Xaml)h',
_t

lurb i url)uh, nt

h' transition l)oin(
w wall (,on(litions
(tu, adiabali(' wall ('on(litions

g gas other than air
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refiu'ence conditions with the T' method, or

fluctuating quantities in turbulent ttow

time mean quantities in turlmhmt tlow

dimensionless tilne mean quantities normal-

ized with respect to tit{' corresl)on,ling h'(,e-

stream (luanlilv, for example, 7+=
• ]1 m

CONSTANT-PRESSURE TURBULENT BOUNDARY

LAYERS IN DIFFERENT CASES

ANALYSTS OF E(}UIVALENCE

The purpose of lit(, amdssis whi,'h follows is It)

(hw,,h, 1} the (.omliti{ms of equivah,n(.e for turlm-

lent boundary ltkvers in different gases with ron-

timm.m flow. To (1o this the (,(tuations of motion
and e,,,rgy will be exl)resse,I in ,limensionh'ss

form and the resullin_ (timensionh,ss parameters

and boundary comlitions studied.

The e,t,mtion-_ of the ('()n_tanl i)res-mre, slea(ly

slate, ('omt}ressil)le turl,uhmt 1)omxlary laver fur-

nish 0. ('onvenient startin_ i)oinl w},m put in tit(,

following form (ref. 21):

( 'onl i. uity :

:r('p'_-- p' tF )-}- ;l( p fi-H p' P' ) :l) it)

X-lllOln 1'11 t 11II1 :

{2)
Emwgy"

,J,] aj _,Sv] (:_

Equations (1), (2}, and (3) ("m 1)(, written in

dimensionh,ss form if all (Immtilies ale nm'malized

with re:pec't to fre(,-stream quantitiP'4 (Q(Z.,

_-_,,"p_+, _--_,"l'_, ,,t<'.):

( "ont imfit v'

0 p'u' " c..) ' " "
(} (4)

X-lllOtllPtl[ ltIll :

+'~_ p u \bl /~~ p + \bT/
to o,'+,++,+)++

1 b _-+ ~.bT/-']/ _

/,'/; b_L('++'_b,TJ IS)

W]Igl'('

7
7--

#2

Energy:

, , T
/~~ p '_' 2 bl,_/~ 7_ o "_ b_
[,'"+,, +, ) ++_-_p '_-,,++,£/++

l c...) [( _ _, ) c..)_]::=/h_, 077 i', ,._+ ' O+?J

+,,+:(',,::) +,
These ¢limensic, nless eqttati(ms are sub.ie<'l to the

followin_ 1,ou.darv conditions (m veh}{'ity and

ent hall)y :

'_{_:,0) (} _(_, 0)=7,,,,

Two turl}ulenl b(mn(lary layers will t)e e(tuiw/-
lent ((tytmmi(.ally similar) when tit{' (timensionh.ss

different ial ('(tunt ions and (limetlsionless boumlarv

(.(mditions for lit(, two boundary layers are i(hmti-

('al. Examination of equations (4), (5), an<l (6)

shows that equivah, n('e ('at/ 1}e exl}ecle(I lo exist.

bt,twet'n ltH'l}uh,nI hotm<lary htty,,rs in different

+z.as(,s whet_ the folh}win_ (limcnsionh,ss 1)arameters
and variables are nmtrhed:

ll¢_ ](%ntr(}llabh, 1)arameters, required for

/ ++L'k=,[malchin_.z certain coefti{'ients of ttw differ-

/,,,+ [enlial e(luations and the |)oun(lary <'ondi-

Jtions <m enthall)y.
I

_(7+} ]Slate varial)h.s, require(l for mat(.hing the
t

lb'(k) _th{,rnm,lvtmnti(' state and lhe laminar

,_(7+) JtransportI l}ropert ies.

'u").pj;_ (_,'_)
Turl}uh,n<.e wu'iat,les, requir(,(l for

p'r' ") nmt('hing tit(, eddying m<)lion rep-.p+ii:2 (_ _) res(,ntt,d by tit(, thwt,uati<}n terms

_(_,r/) it, th,, differet_tial equations.

l'r,,,,gL.)

As listed above, tit{, l)arameters and va,'iabh,s are



4 TFCIINICAL REP()IIT R--S2--NATI()NAL AERONAU['ICS AND SPACE ADM1NISTI/ATION

divided into lhree groups: the controllalde parnm-

elers which van be malched by conlvol of lest

vonditions; the state variables which may or may

not be malvhed, depending on the particular

thermodymmfic amt lI'tlllSpol'l properties of a

given gas; nnd the tm'l)uh, nce vnriabh,s, lhe

malddng of whMt must 1)e (h, lermined t)v experi-

ment. Experimenial resulls are needed since

there are availabh, no exacl amdytical eXl>ressions
for the (ul'lmh,nve wu'iabh, s which apply through

the entire boundary layer. (As II, l'OltSe<lll01we
Iheve are no mmlyticnl solutions of the system

of equalions 14), (5), aml (6).) Although the

|lll'|)ll|/'lt('l _ IUI'IIIS I"1111 |IP I11t't1.'4111'1'1l fl'(}lll point, to

point in comparing two boundary layers it is

prolmbly illOl'P convenienl simply to measure the

over-al| efl'eets of these varial)h,s on more readily
measut'e(I qtmnliiies such as skin friction and

I)oundar3+-ln3+er protiles; the hi, tier method is
used herein.

In setting u l) e(luivah'nt turl)ulent boun(lar3 +

lttyers in two <litt'(,r(,nt gases, SOlllO of the Imra-

meters and varialdes can 1)e easily mnt(+hed
while the mat('hing (,f others presents ditti<'uhi(,s.

The (.(mtrolhd)lc l)aratneters ('an 1)e exa('tly

mat<'h(,<t 1)etwe,.,n two tul'l)uh, nl_ b()undary layers.

The three <'ontrt)llal)h, i)al'an|eters, llel, U+-'/ho,,

/_,,,, can I)(, thought of as three in(h,p(,nd,.mt dimett-

si(,ttlt,ss energy ratios ol)lnined from six dime,>
si()nnl l)oundarv values, I'+, 11=+, p_, _, k.., I.

The R(,ynohls nund)(,r, tle;, ret)rt,setHs the ratio

<)f in(,,'tial 1o vis('ous energies in tit(, free stream;

l++e/t++ is doul)le the ratio of Mneti(' ('nergy to

enthall)y in the fret, st,'eam, whih, k,,, rel)resents

the ratio ()f wnll enthalpy to free-stream (,nlhall)3 +.
Even without rc('ourse I0 tlm differential equtt-

lions, it is <'lear that d3+nanliv similarity b(,lwe(m
two turl)uh, nt bt)utMarv lavt,rs would not I)i,

I)ossil)h, unh,ss these energy rttlios Wel'(+ nmtNwd.

The nmt<'hing of the state quantities, _(h),

l',"(h , _(/7), depends on the gases being c(nnl)ared.

n. The quantity, 7,(h), will l)e well mnt,:'ht'd

when the gases being <'ompar(,(l do not deviate

gr(,a(ly front pt,rfi, ct gases. For thermally p(+rfe1't

glls(','.g llt (!otIstflllt: pl'PSStll+P:

["+l '(/_ -
1 .)() (.,,(h.) 1

(h)' = _()_ = l;':7'*'dh-- + h='- (7)
J (Ah)

]f (h( gases are also 1'aloricnlly l)1'rf1'('(:

a(r,)&
h

1). I'he l'rnndtl nund)er is n(,arl,: constant and

is a.p),'o,dmat(,ly (he sam(' for all gases in the

al)st, n('e ()f iml)('rfe<'( gas (,Ir(,(.ts; h(,m.e l'r(k) will

gent, rally l)e w(,ll mat('hed.

c. Th(, (limensionless vis('osily, _(17), is a t)aranl-

et('r whi('h, in general, may not I)(, ii(,vf(_('ily
mat('lwd l)elwe(,n two (liff(,r(m( gases, lh)wever,

this t+ml(4t van l)e r(,nsonal)ly w(,II nl)i)roximat1,(l

l)v the seh,('tion of gases and (eml)('rtltur(, hw(,Is.

Th ,t'(, is nl) elrt,('tive m(,t])o<] ()f I)re(h,t('rnfinhtg
thnt lit(, individual (url)uhm('(, vat'ial)h,s i.,n

actually be mat('hed nt Ii11 ('orr('sl)onlling t)oints

in (_,.o 1)oundary layers, lh)w(,v(,,', il is l,:nown

that if (rut, (lytmmi(' similarity exists, the <limen-
sionh'ss (lifl'erential e(luali()ns (with l)ounlhH'y

(.<)n(li ions) will I)(, i(h,nli('al for two l)ou)l(htr3 +

layer,,. :ks a ('onse(lU(qt('(' , lhe ('()(,lli('ietHs ()f
h)('al skin fvi('lil)n () r.,/(L)p..lrof, lln(I the

(liml,)_sionh,ss vl,h)<'ity l)rolih's, _(_, "0), must, I)i,
1

tim snne for the two l)otm(hu'y lnvers. (The

vighl-hand side of eq. (5) tony I)(, written as

J l- _-IA
,) _/ , _ By (,Xl)('rim(mtallv <hql,vmin-+_L(.,)p+t _+J] •
ill_ t lllt (tit' (_'S and the (lim(,nsi()td(,ss vt,lo('ity

f)rotil's are id(,nti('al, i( ('nn 1)(, ('on('lu(h,d (]ml_ a
ne1'(,s+ary ('or,litton for (ly)mmi(' similarily has
been fulfilh,d. In (hi, strivt s(,ns(, this is not

sutti(' (ml to l)rove ilynami(' silniltlrity, |)tit one is

(m('otraged to 1)citer1, lhal (tvmmti<' similarity
exist.- in this ('as(, fl)r all pra('li('a] l)tn'pos(,s.

Th, n)mlysis a l)ov(, has l)(,(,n ('on1'('vn('ll only
with turl)uh,nt Iioundtlrv layers, l)u( it is of

inter(st It) note llLtl+t for dvtmtni<' similarity

Iietw,.(,n laminar l)oun(hn'3 + lay(,rs (at zero l)rt,s-

sure _ra(li(,n() in llill'(,t'ettt gases, the (luantiti(,s

that nus( l)(, mat('he(l nr(, (h(, (.ontrollal)h, l)aram-
et('rs and th(, star(, wu'ial)h,s as listed ali(ive.

This may also I)i, seen l)v insl)('('lion 1)f (h'o(.<.Cs

(,qualions for the hnninar (,Oml)r(,ssible l)<)tmdary

layer (ref. 22).

EQUlVALI':NCE_r|T]t PERFECT (;A,":,b3.",;

Wt_eu specialized for constant-pressure turbu-

lent boundary-layer flows of lhermally anll
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(.alori('all.v perf(,('t gases, the similarity paramel(,rs

and varial)les al)l)ear ill the following form:

]_et t

(V--1)3I_ 2 Controllabh,

( ;,;

;(_, ,7)

l'r,,,,,,(L ,)

])itl',,trn0 I.(q's

)-'Furt)tth,nt.e wtri,l)h,s

Sin(.(, air is the gas of l)rin('ipal interest, it_ is ('on-

venienl to ('qu'tle the XIa('h nunfl)er piH'ameter,

(3'--l)A[_ 2, foraga_othet'lhanair toth(,l)aram-

(qer in air and to (Miu(, an ('(luivahmt air Ma('h
number, AI,.

(5"F _)3t/- (v,.-1)_1[/

(o)

'l'lms a gas, y, flowing al an ac(ual fr(,(,-strt,am

Nla('h )mml)t,r, A[_, has an (,(tuivahmt air Mat'h

ntmtb('r, .l[,,, its (Mitw(l l) 3- ('qua tion (9).

l( is of iutt,rt,s! to cotM(hw (h(' vali(lit,v of the

parameter, (5"-- 1)_/_ _, fl)r flows olh('r than

(:onsiant-pr(,._stw(, (m'l)uh, ut l)oumlary layers. As
noted ahoy(,, (his l)aramcler is valid for either
lalllinar or |lWl)lll(qil ])Olllldlll'V ]_l,V(q's i|( ('OllSlilli[

l)re_sure. It is also v'flid for ('Oml)aring lwo

l)oun(larv layers wit h mal('h(,(l (lim(,nsio)fl(,ss l)r('s-

sure _ra(li(,nts. Howev('v, in this case (lle (lim(,n

sionh,ss (lilt'(,r(,)|tial equations must he ))ormalize(I

with r(,spe('t to (x)nstant ref(,r(,nc(, quantilies, not

to (h(" h)('al free-stream quantities. Th(, l)aram-
et(w, (3,--1)i1I_ e, is not vali(| for (,xternal flows.

This means that in matching dim(msio)fl(,ss t)v(,s-

sure gra(lients around two bodies in ('xtcrnal

lh)ws, the l)o(lies mus(, in g(,n(,I'M, have (lifl'er(,nt

shapes.

E(I|}|VAI, ENCI'_ ()F AIR ANI) III_IJUM

If air and helium are consi(lere(I perfe('( gases in

tim conslant-I)ressure turt)uh, n( b<)un(lary layer,
the paranleters and terms that must l)e matche(l

for (lynamic similarity are those listed in the

previous subs(wtion.

Oeneral comparison. -The ('ontrollabh, tmram-

(,t(,rs, h'e_, (5"--1).1[+ 2, and '7',_, can easily be

mat('hcd belween an air and _Lh(,lium boundary
1.tyer. [t is of interest to no(c that fiw a(liaba(,ic

bom,lary lay(,rs, the t)omMary condition on .7'_

is aulomali(.ally matched when t,lw Math mlmber

paramet,-r, (3,-- 1)3I_ 2, is malched ior gases with

equal r(,covery fat(ors. (As reported in appendix

A, the l'e(_ov(,ry factors for air and heliunl were

found to he (,ss(mlially (he sam(,.) Th(, equiva-

lent ai,' .\la('h numl)(,r for a h(,lium flow may be
writtctt as (eq. (9)):

/ 71I (, _ 1"

JL,=M.o _%,;i_i = 1.29M,,,, (I())

Th(, s(ate varial)l(,s (hat should be mal(!hed are

(he quantities, 7)(_'), l'r(_'), and _(7'). The

dimensiotdcss (h'nsity, _(7') is equal (o 1/l" for

both air and h(,lium when they are ('ousi(h,red

perf(,('( gas(,s. The ]Jrau(t(l numl)(,r, 1'r(7'), will

be al)l)roximal('ly match('(I l)(,twee)l air and IMimn

over a, (_onsi(]('/'_l.l)l(! ((qlll)(q';il',ii'(, l'_lilge _l.s s]lowll

in figure I. Th(, ti_ut'c "dso shows lha! t h(, ])rantlll
number for both air and helium varies slowly with

t,emperature over _ wide teml)eraltwo range (refs.

23, 24, 25). (In the regime of continuum tlow

cah:ulations, the Prand(1 number is often taken as

.9O

.85

.75

.70 \

.65
0

/Air

I
J

200 _100 600 800 I000 1200 1400 _600 1800

r,o_

FI(H:I_,E I. -Prandt, l tHunl)(,rs of air and helium.
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Fll:l ill.: 9. -Viscosities of air and heliuin.

VOlislant.) The (tinl(,nsionh'ss viscosi(y, 7.(7'),

('iiilllOt t)(' exaclly llllil('h('d between air llll+<t h(,lillnl.

]?igure '2 shows li h)gltrillinliv p]ol of viscosities

of llh' luid heliuin. The slopes of the cui'ves rep-

l'(,s(qit llie (,xi)oll(,nls ii1 il ])owof law for viscosity
ltlid indicate the degree (5I)lliilciiillg (if diniension-

h,ss visvosil ies.

For air ill liigh l(,iiii)(,l'lillll'('s:

l:or air ill low lelill)l'rilllil'('s:

;_- c7 )0,,

TIlt' dilnensionl+<_ss viscosity of heliuni ovor a wide
i ('llil)('i'tll Ill'(' riilig, t' liliiV lie closely li[)[)l'oXililli( i'd |is;

li is of inler,.,sl. 1o obs(q'vi, fl'onl the figure l]llil, lit,

t.he higher Milch nunilmrs, the dinlensioii|ess vis-

cosily ot nir al ordililii'y wind-i ulinoi t.eillpOi'ltiilres

does llol twrfeclly nialc]i liir at tlighi |enipgrtltures.

If. ix also semi tlial lhe diinensioil|ess viscosity +<if

ho|iunl malches air Ill, flight teniperlltures and

high .\|licii illillit)(,l's 1)eller thilii does lib" ill

ordililtry Wilid-liinnei leilil)eraliires.

As nlttlilionod in the subseclion, -'lualysis of

Equivlllenee, it is nol. possible (.o know in lidvilnco

wll(,iiiel" Ill(' l lll'i)ulence lerliiS,

(,=°'5) ,,""' )

iil'(_ actually nllttciied belween an air illld ii |ieliuln

luri)ueni, boundary iliyer, ii dylilllnic siniililrily

|)elWeeli tin air lind n |leliliiii lurl)ll|ent bolindttry

|aym' ('Jill lm denionslrllled oxpoi'inionliil|y, it

stiouhl be concluded thai the lurbulonce lei'nis lil'e

sufticJenliy well niliiched.

Specific 0olrlp&risori. In lllleinplhl_ io sel u I)

equivalent air lind ]leiiuni |)OUlidllry ]nyel's in it

wind {uniie|, Ill ordinlir.y wind-lulinel lelnl)ernlul'e

(e.V., 7't=(i()0 ° R), ()lie quant.ily it|at will have ill|

llppreeiablo ni]snilit(']l in ii portion o! the t)oundllry

hiyol' iS die (]illlensionh'ss visvosily, j(_'). This

niisnlalch is inosl serious ill tile wtill (e.g., wilh

A/,,--4.2 iilid 7',--(i0() ° R, 7._.,, _ 1.5 7%,°). ]Vheli

the dinlensionh'ss OqlhiliOllS (if IIIOl]OII (4), IS),
and (ti) lii'e considered, il ix seen thlil li niisniliteh

in 7.(7') nllisl have .qoni(' ('|]'ecl oil llle olher (Ill,ill -

lilies. |)ul ihe nia_iiilude of lhe elrecl is dilticult,
Io esthnltte. (ln i'('f. 26 ii is predicied lhlil It

inisii/lil(!h in 7,will have ii slilllll (qt'(,('l (ill lllri)lllelit.

skin fi'ivlion, but Ii 1111'_(' ell'evl (lli |llniinar skin

frivli, m.) In equliiions (5) and (6) ill(, t)i'oduvl,

(1112, l)j O('(!UI'S. This ('fill lie Wl'illell

(1..'l:e,)_ (**.."u,,-)_ ,,.(I..,17,..,,.) t l I )

lle,,=l :_p,,.l .%V]1('1' _ , is the "wail prol)erty" ]{eyn-
i[.L ll,

olds ]lliiilt)(,l'. Tile pro(iucl (l/lgrDj cnli ])o

]lllllC[l(,d ill lilly s(,l(,(_i(,(l I}ortion of l, he t)O/llldtll'y

liiyei t)y lllisnlilt('liilig /2el to ('OlliI/ellSillO for llli.y

niisn lllvii in _. It. has |men liioughl liinl. (111:<.',)7.

siiou d lie niitlched son/ewliei'e in |lie stil)la)'t'r

(pos,,il)ly ill. file wall) llS it|is should lie the i'ogion

wiierc, visvosi(y is niosl inlporlllnl. (Awliy groin

lhe wall 7 lmt'onies niudi lnrger lhlin 7* so liial 7*

shoud tie h,ss iniportiinl ||wily froni lhe wllll.)

T]e niet|iod of nilllviiJiig (lll:eDj ill'ill" Of Ill lhe

wall is easily s(,(,n liv r(,fl,rrilig 1o (,(tlllll]Oll (11).

._'(tlil (he wllll _./w, will 1)('. Ii(,lirly ilnily> ]i(,nc(,

u/#,, will lie r(,llsonii|sly w(,ll liilil(']l(!(i r('Tiirli]('ss oi

the tas. T}le diniensionh,ss (h,nsily 7_,,,is llllll(']l('(i

I)(,lv_'o(,n two flows I)(,in_ conipllr(,d <'tl the Slllll(!

."1/, ind T_,. ]( is, lil(,li, ne('osSlil'y lo lillil('ll ]i_r

in older to s(,(!tlre il 7(5o(l ]nlll(!]l of (li'l/e,)j D(!III'

or a tile wall. This r(,sulls in i_ poor nittlcii of

(lfl:',)j IIWIIV fl'onl lh(' wil|| (wh(,re #_ is 1)ossibly
not ilni)orltinl.). The practical qu(,slion (if wilel|ler

tltl_"_,)_ sliould beil.er be ililit.eli('d ill'Ill" ttie wall

or il_ ihe free slFeli.nl ('Jill t)o In;s( llllSW()red (!x-

1)eril_leniillly by deterniinin 7 whet]ler ineilsurod
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('z wtlues correlate with Re_ or Re,,, (it (,ithcr).

(Obviously, if there were no mismatch ill _, this

question would not arise and it would then be
immaterial whcth(,r llez or L'e_ wcr(: used in the

romparisons.)

In determining the practical cquiwdcnce of
lurbuh, nt boundary laycrs in air and helium, it

will bc useful to consider bomldary-laycr profiles
with the variables in scvm'al fortus. The dimen-

sionless velocity, _, may 1)e written as:

This means lhat NI/NIo: will be equal at corre-

sponding points in two l)erfectly equivalent
boun(lary layers. (The .ll values th(,mselvcs in

the air and helium boundary layers will be in the

ratio _1.29 at (:orresponding points.) Also, cor-

responding points in two p('rfc<qly matched bound-

ary layers are at equal values of y/O which ('an It(,
shown as follows:

y ,7I n/

o o (1/2 '/,O,Ix,

o ,
The relations al)ovc arc fi)r I)(,rfcctly matched

1)oundary layers. In view of the mismatch in

I)(qw(,(,n _dr and hcliunl at wind-tunnel tenq)('ra-
lures, it is des)rat)h, to ('Oral)art, exl)crim_mtal

l)rofih's to assess (hi, (ql'cct of the _ mismatch and

to ass)s( in (h, tcrmining wh(qhcr ('quivah,)w(, can

1)(, ('onsi(h,r(,d 1o exist for praclical purposes.

Profile comparisons ('un also I)e ma(|c using

'u* u/_,_ and y._ !lU: as ('oordinatcs, with tim
Pw

friction w,h)('ity, u,, (hqin(,(I as:

Ttl,

'tit= "_"" Pu,

The qunntilics, u* an(l _*.7 , as (h,finc(l, arc nor-

malized with r(,spcct lo wall l)ropcrti('s. The

(,qua(ions for u* anti !1" can be wri(l('n as:

R*

,, (:/2_/7 _,

567524 61 '2

From this it is clear (hat. if two boun(lary layers

are p(,rf(,c(ly cquivah'll( (having equal values of

(.': anti 7 _ and equal valucs of 5 at corrcspon(ling

points), (hi' quantity, u*, will be ma(('hc(| at, corrc-

si)onding points. Tile quantity y* will t)e matt:hod

at corresponding points if ()is shown to ('orrclate

with Re,, for two boundary lay(,rs. On the othcr

ban(l, if (_': corrclat('s with l?ez for two t)oun(lary

layers, then (hi, y* values t)(,(we(,n air an(l helium

boundary laycrs will not I)e matched at corre-

sponding points (at wind-tunnel temperatur('s)
bccause of tile mismatch in _,. At a total tem-

l)(,ralurc ot 600 ° R qn(l an .11_,value of 4.2 (giving

" _1.5 7'.,._), the mismatch in 7* vahws willWA Ir _

t)O I *._/ n_= 1.5 ?/*Air for corresponding poinis. Ex-

per)menial l)rofilcs showing the variables in (hi:

several forms lnentionc(I above shouh| (in a(hlition
to skin-friction m(,asurcmcnts) assist in deter-

mining wh(,lhcr it is better to compare on an Re,
or an Ige,: basis.

AI)VANTA(JES OF USING HEI,IUM

As Is well knowl), it IS difticuh, to obtain high

Math numl)cls a n(I high l{cynohls )retailerS simul-

taneously with air in a wind tunnel. In order to

avoi<l (,ond,,,nsation, il is ncc(,ssary to hi,at thc air

with a rcsulliu_ loss in (l(,nsity and Reynolds
nlllll])cr. It SOClllS (]('sirat)l(', then, to rise ,q. gas

suc]l as helium tha, t does )lot cou(h, nsc a( the high

Ma('h aural)ors of )nit'rest. As l)oint('(l out, carlicr,

helium under win(l-tunncl ('ondilio)is l)rovidcs a

good simulation of air under flight con(lit)otis I),'o-

vidcd iml)('rfcc( gas cfl'(,cls a,'e not signifi('a))(.
As shown in ligur(' 3, h)r a. given total l)r(,ssurc,

i@hcr Rcynohls )mmi)(,rs can l)c ol)tam(,d at

hyl)(,rsonic Ma('h )luml)crs with twlium than with

air in a wind (u..cl. As an example, at an equiva-

lent nil" Math numt)cr of 10, thc Reynoh]s aural)or
factor i. favor ot h(,lium is al)out 13 to 1. (This

factor has _, slow (h,per,/(,n('c on l)ressurc when

the t()tal t cmperlrt.ure of air is (ak(,u as th(' mini-

mum ncrcssary to a voi([ ('on(h, nsation at, a giv(,n
Math nuInbcr; in figure 3 a. total l)r(,ssur(, ol I000

psi was used.) This advantage of hchum is (hw

to s(,vcral fa(qors, the principal one b(,i)lg (h,lt no
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heating of helium is ['equired. Other factors
that contribute to this result are the different

ntt.ios of specific heats, and the fact tim, t, with

equal equivMent mr Maeh numbers, testing in
helium can be comlueted at, a lower _('tr[]_l:] Math

mmdwr.

APPARATUS AND TEST CONDITIONS

TIlE 1- BY II;-INCII BOUNDARY-LAYER CHANNEl.

The 1- by 10-ineh boundary-layer elmnnel was

desxgm'd to provule high Mat'h ]mmbevs and high

Reynolds numl)ers simultaneously. In tigure 4

the test domain of t:he })oundary-layer ehamml is

illustrated in ternls of Math mmd)er and Reyno]ds

2 ( "

6 " _onge cf present do'o

"_&.::.:.:.:.:..:::'::..C..4.>.._
%%'.'4:_:'>:':':'>:_::?.,::i:_')_3_ co,,r_....

• _ & & _:&:.:<,5"44':,

"e':_::'"'"'":"' "''"" coehnuOu$ flight% "X-El-;':',:":" &'+'4 "

,'.5.:..:.:+-:.,::,::>
___ " ,:.:.::!:i:::::_:::+:::::.

0 I IC, IOC: iC,0C

_eyno_ds number, Re,, Millions

I"I(;UIIE 4. -TeM <lomait_ of the i- by 10-inch l_ound:try

layer ch:tmwl.

number. For purposes of comparison, also shown
is the so-called corridor of eon t i,mous tligh[, which

is the appl'oxinmte _iach mmd_er ]{evnohls ram>

her l'_mge ior (.ontinuous sustained tlight, of air-

plnneike vehicles. (A character|slit length of 50

feet was used m the <'aleulation; the upper bound

of the corridor was taken at an equilibrium sur-

t'nee tempenmlre ot 2000 ° F, and the lower bound

was estimated using a dymmfic l)ressure of 100

psf.) .XIos1 previous skin-[fiction data were taken
in tl. area to the left and helow the lower I)ound-

ary cf the ('orrMor of continuous tli_ht. It is

seen that the bour,lary-hLver chamml has extended

the .Xlach number Re.wm]ds mmlt)er rnnge into a

reghne of ('onsiderat)]c interesl. In order to cover

the nmge shown, air was used as the working fluid

Ul) t<, a Math numl_er of 4.2, nnd ]mlium was

used from equiwflent air Maeh numbers of 4.2

up 1o 9.9.
A sketch of the eqtfipment layout, is shown in

figure 5; figure 6 is a schematic drawing of the

lest. region' rim[ figure 7 is a photograph of the

equl])ment. Although this apparatus is cMled a

eham el (because of its dmwnsions), the series of

tests being reported were not. for chain,el flows.

l)urir g the l)resent series of tests, there was ahvavs
a eor,, of ])otential tlow between the top and the

bottom t}oumlary ]aym's.

Th, I- l)v t0-inch boundary-layer ehan,e| is a

})]OWl:Own tyl)e wind ltlnnel. '1'11(, _lS llsed ,'Is a

xvorklng fluid is stored at 2400 psi in two 40 000

cubic foot capacity gas lrnilers. As shown in

[igm'_ 5 the gas tlows from the trnilers through
Ill(' i:del line into the heat. exchanger, nnd then

into he settling e]mml)el ot the tunnel at the

deswt d temperature and ])]'essure. The lolnl pres-

sure measured in the settling chaml)er) was eon-

frolic] t)y vnlves llelll' 1]le lrnilers. The iotal

lem 1)'rature was conlrolh,(t t)v means of a hea.t

exelwnger consisting of a thermal mass ol 3,000

pm,n, ls of eoI)per tubes. All heating of the ther-

mal _ ross was I)evformed prior lo running in order

to plesel the desired lolnl lemperalures. Runs
were termimtted when lhe heal exchanger could

no lo iger maintain lhe preset lota] temperature.

In lh, present, series of tests the lolal temperat.ure

was l,resel relative to the ambient wall tempera-

ture in the, tunnel test, section so l|m! the t)oundary

layer,.; were adia bat ieal lhe walls. This lm)cedure

gave total teml)e,'al.ures for all runs of a[)proxi-

matey 600 ° R. (See aplmmlix A.'t
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High pressure gas from lrailers

J

Heater e_t I

/__._ Copper tubes

To atmospheric exhaust

Skin-friction element _ _ To vacuum

c> J
Settling chamber

Screens

I,'l_;rmc 5. Schpmalic drawing of boundary-layer channel and assoeiatedequipment.

To vacuum pumps
Skin-friction

elemen_

Test sectionSettling

chamber

10'.....

Fl,;vltl_: 6. I)etails of t('st, region of boundary-layer

chatm(q.

The tunnel dimensions (fig. 6) were designed to

give an essentially two-dinmnSlonal flow. Tlle

top plate of the tunnel is eoinpletely flat; the

nozzle contouring is entirely on the bottom wall.

Four interchangeable nozzles were used, three
contoured for supersonic flows and one (a ttat

plate) for subsonic flows. Math mtmber and

pressure gradient settings were made by the selec-

tion aI_d adjustment, of t,he intevchangeatfle nozzle

blocks. Reynolds number control was oblained

by v'lrying the total pressure for a given tunnel

geome try.

As stlown in tigure 5, the apparatus has ti_,vo.
exhaust, routes available, atmospherw and vacuum.

During supersonic rlnming, the exhaust was al-

ways to the vacuum exhaust system. An opti-
mum ('oml)ression rat,to was aehieved by means

o[ an adjustable second ttnoat,. The atmospheric

exhaust was used for subsorlie running. For 1he

s/lbsollie runs, Maeh mlml)er control was obtained

with the (supersonic) diffuser Ihroal operating as
a sonic choke downstream of lhc lest section.

In the series of tests conducted, the Math tram-

her and Reynolds number were varied to the limits

of the presenl capability of the equipment. The

upper limil of the Maeh number (and the lower

linlit of the Reynolds number at a given Mach

number) were determined by the exhaust syslem

back pressure (compression ratio available), while

the maximtnn Reynolds mmlbel's were diet a ted by

snfelv considerations. The maximum seltling

ehnmtwr pressure was 700 psig for supersonic flows

and 310 psig for subsonie flows.
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12I(;I;[{E 8. SkiTl-fric|i(m (,l('m('n(.

SKI N-FRI(VI'ION ELEMENT

I,<)L'_tl skin fri(+tion w_ts m(,asur<,(I (lire('tlv I)y

m(,an-_ of the skin-l'ri('lion (,h,m(,m shown ill figures
S tll_.t (.). 'I'h(' <'h'mcnt ('onsistt'<t of +t disk 2]_

in('h<'+ ill di+tmrl('r SUSl)(md('<l from lw<) th,xurrs.

The _trc_mlwis(, t'or('_' on th(, disk w_ls mr_tsur(,(1 by
m(,a_._ of _t ditt'_,r_mli_d lransform(,r. The t]'ans-

l'orm[ r itself m_tiul_tine(I _t fixed l)osili(m whih, two

iron )n_tgn(,ti(' ]'(,tl,rn l)i(,('('s on |h(, disk _.omplete(!

the]laffm'li('(,ir('uit. A]l of lh(' metal parts of the
rh'm( nt no! in the tmtgm,ti(' ('ir('uil w(,r(, ma(Ir of

K-m(,m,1. In the n(,utr_tl position, lh(, gap br-

twc('r_ th(, disk and its h_)using ",v_ts 0.005 inch.

The (,h,m(,nl Im(l no mdlil_ff (h, vi('c and simply
delh'rted un(h,r load.
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FI(;(:RE 9.--I':xt)lo(l(,(t viuw of skit3-friclioh (!hmluld.
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The top face of the disk w_ls rornwd as _t (Irish

pot which ('onl.ined It)00 ('(,ntistol.:(' silicone oil _ls
n (l_mq)ing Iluid. The disk in its mouHliftg was

eh,('tvi('_flly insul.led from the eh,m(,nt housittg so

thai _ul. eleclric l'oulill K meier ('otahl t)e tlSOd tO

imli('.t(' ('onta('t t)t, tweell the disk and the ]lousinK.
The moimls for Ihe th, xt.'es ('olmlvahm(I the (,mls

()t" (he th,xures lo remain p_w_dlel at.I v(,rlh'nl.
This me_mt that the disk w_ls ('oJlslrahied to ro-

mnill l)ar_dM to its .o-lo_ld position (horizontal).
]ntel't'hat_gt,al)h' pairs of th,xure.'.; were calibrated

a.d used f<)r different loading ranges. The

approxim.le for('e at n full lo_M d(qh'('tion i)f at)-

proxim.t(,ly t).005 i.('h for (lie i)air o[' th,xur(,s used
for most of' the tt,sls was 0.1 pound. The disk

was delernfined (o be flush wilh its housing to

wilhin 10 mi('roin('hes t)y m('alls of _m opti('al

iill('l'['('l'onltqt't'. Sll})SO(ltl('llt t(,s|s 1o (h,t(,rmine

tlushm,ss r(vlUit't'm('nls showed thut for a _la('h

mmfl)er of 4.2. the (,lem('nt disk ('ouht t)(, displneed

as mvt'h as 200 mi('roin('hes i. or oil( of (Iw housing
with .o Hoti('(,_d_h, ('h.nge in sMn friction. The

surt'.('e of the disk was tin(shed Io :2 mit'roin('tws,

the housiHg to 4 microint'hes, while the lop plnte
of the ('h...el was tinisht,d 1o 15 mi('roin('hes.

These finishes were seh'('led 1o I)rovi(le "]lv(h'auli('-

_dly smooth" sm'fa('t,s over the rnnge o1' wtri.bh,s

tested. The ti.ishes on the disk and housing were

mensl;rt,d t) 3" mt,nns of opli('.l tints ..(I on (he top

l)lale by mr'aim or a protih)nwit,r. Twelve slali(:

oriti('('-; in ihe gn 1) sm'l'a('(, o1' the housing surround-

iil_' (h' (lisk provided press(ire (l_d_l for ('ah'ululing

tit(' t)uoyan('y t'or('e Oil the disk. These 1)rt,sstn'es
wt, v(, _'ead on . snM1 illllliOlll(q(q' |)O_ll'([ llOll.r liw

(qement whi('h used 10 ('(,Htislok(, sili('one oil.

The output of th(, differenlM lraJmf()rmer was

red imo a I)ri(Ige (,ir('uit servo with a digitnl read-

out. The (qe('tri('al ('ir('uiirv is shove(! in figure 10.
The (' dit)ration of the (,h,m(,n( and servo ('omt)im_-

tion s!lowt'd _t rel)t'atability of (1.1 I)(,r('enl of lhc
full h a(I r(,.tling and x'c_s n(,nrlv linear over the

full range (del)arled approximaltqy :2 I)er('t'nt from

liHear.ty at full load). Over lh(' ra.ge of ((,m-

])er_durcs us('(l, (lit, ((,ml)eratur(, (q|'e('t on tilt,

('.libra(ion was ahnos! negligible. (('hi(bruit(on

('urves tak(m at 40 ° F _md _3 ° F showed a slope

(lifft,r(m('e of .pproximntely _ i)(w('(m(.) A (leserip-

(ion of the electrical ('ir('uitry of lh(' eh'm('ttl a.(I

servo is given ill nt)!)ell(lix B.

GENERAL INSTRI._M ENTATION

Nla i('-prt,ssure distril)uliotls were obhtined

(hrou;.dl orifi('t,s i. tiw lop l)l.(e ()1' lhe tunnel (iig.
l 1). T]m orifi('es wer(' ('omw(q('d lo a 30-tube
mano:,n(,ter boned th_lt used 10 c(,ntisloke silit'one

oil HI)(] W;II_S l'('f(U'Oll('O(] (O _l II('ittl" V,'l('llllIll. TJlO

Skin friction ele_r_3nt

coil ml

'. _: L 2,ObHY

500K

575_

\

t ?0_:

_. n t,cl O_ element

co_ _2

lq,;vnE 10. Circuitry of skin-fritqio_ el,,me_d and s('rvo.
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T -- Estimated subsonic leading edge

_Supersonic nozzle throat

F2.00H- 

Flow

0 Static-pressure orifices
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--_--0-_ 0 O 0 C O

I
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0

Fixed probes Boundary-layer

_.._._. 0 survey probes

o I
o r "*L

-o o o_lc I_ 4 _ ^ -oq-_
o _ , _ _-_r_orth

"':='::i°'°Lt ,,

33"

I"[<V_E l I.--I)hm view of re,st-section top ])late.

total pressure was measured at, the settling cham-

ber with a Bourdon gage. Iml)act 1)ressu/'es in

the potential flow core were measured by two tixed

prol)es connccted to l)ressure transduvcrs which

were electricall S connected to bridge-tyl)e servos

with digitul readouts. FIoun(htry-htyer impact

pressures wcre measured by two moval)lc probes
connected to pr(,ssure t.r_lnSdUCCrS, and located

lh / inches on either side of the clemem center line.

The boundary-laver probes werc tlattened tul)es

with an inside height of 0.002 inch, an outside

hcight of 0.004 inch, and a width of 0.045 inch.

The traversing of lhc probes was conLrollcd re-

motely and <'ouhl be positioned to within 0.0f12
inch.

Tcmperaiures were measured at, 17 ]o('nli(>ns

including the settling chamber, tim skili-J'riclion
element, several locations and deplhs in the to l)

l)late, tiw manometer boards, and tile [teat ex-

changer. Iron ('<mstantan lhermocouph,s with

self-bahtncing pohmtiom(,h,rs WPI't' used. The

settling ('haml)t,r h,Inl)cralure was continuously
re('orth,d.

PROCEDURE AND DATA REDUCTION

Tests comhtctcd were ()I' lhrce tyl)es: skin-
friction tesls, Iransilion tests h) (h,termi)te the

virtual origin of the ire'huh'hi t)<)un(htry htyer,

_tll(] |)Otlll(lal'v-lavor Sllt'V('3s.

NKIN-FRI(VFION TESTS (AIR AND HELIUM)

Sldn-fricli())i tests in air were l)erforme([ at both

subsoni<' nn,l SUl)ersonic _la('h )tumbc)'s whih, (he

tests using helium as the worMn-' fluid were made

at supersonic Mat'h numt)crs only. The (lUan-

iities directly mensured were: the force tm (he skin-
fri('thm eh,menl, the total 1)ressurc (hi the stqtling

chamber), impact 1)ressures (usually 2) in the

potential tlow core near the element, the static

pr(,ssure at the skin-friction (,]emcnt, 12 l)uoyat)cy

l)ressures around ih(, element tlisk, 30 static I)res-

sures on the top ])]ate (if (he test scciion, lh(, total

(emp(,ralurc (in lhc seltling chnmhcr), antl other

temperatures of intcrcst.

The free-stream Math mlmber, .1[,,, and lht'

dynamic pressure, q=, were obtained from the

measured static, and (otM pressure rind the usual

isentrt>pic flow equations. Thc cxisrence of _nt

isentropic core was verilicd })y a comparison of

impa('( pressures cah'uhtted fl'om isentropic and

shocl,: relat, ions with measured trot)act pressures.

These pressures agrcetl within 4 percent.

In (he (h,lermimtlion of l{c3")t<>itls numl)t,r, the

length used was from the virttml origin of lhc

turl)ulcnt, l)oun(lary layer. The dct, emnimltion of

the virtual origin is discussed in the ft)llowing

subsection. For the viscosity t)f air (Jig. 2),
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s, uthelhmd s formuht in tilt' following form was

used (refs. 27 and 2S)'

¢1v3 ,"2

2.270 ,/,+ 19s.6XlO-S Ill sec/ft-' (12)

For heliunt, in the temperature rangt, at which

tt,:+ls were run, tilt' viscosity-tt,n)pt,rature relation-

ship used was (fig. 2):

-- 7.35 7 '_''_ _ l 0 -_ lb sec/ft _ (13)

.2 ,0

2_/0

.r_ 0

i!+
c If '0
©

.0 50

2

d? 0

-0 ,0

This fornmla is based on a faired curve through

availal)h, l,xpm'hnl,ntal data (ref. 24).

The l)uoylul<'y force ou tilt' disk of the skin-

friction eh, mcnt was ol)taint'd fly numerically

integrating the stn't,amv,'ise component of fon't't's

due to tilt' prt,ssurcs acting" on tilt, effective

pi'ojt,vtt,d lln't,tt of tilt, disk. Tht' following sket<'h
+llous tilt' disk dimensi<ms and oritlct' hwations:

II

i _ _0 1875"

!

,W 1

I o , __tboo:
t

12
-EHechve p,'ojeded

Orifice numbers l-t2 area

l)clining, tilt' l)uoyancy forcl,, ]+'b_,,,_,,,as positive

in tilt' upstrcant dircction, and defining l",,,,++
ll: lilt' total force sensed l>v tlt+.' disk of tilt' ,d,:in-

friction elenwnl, am' can write:

Tic+l: /<'s/flu frict_ .... t tolal [[ +l_buoy

whet'e .l is tilt, tlat sun'fltt'c arca of tiw dist,:.

Tilt, t'Xl)crimt'nhflly obtained ratio of lilt' buoy-

am'y [ot'ce tO tilt' sl.:in-fn'it'tilm force, l"b,,,,v/l",k,,

:,,,.,i .... llSa fimction of Reyncdds munln, r for tilt'
various .\lath .umllen's used is showu plotted i.

tigurt, 12. It is st't'tl that lilt, buoyanvy forces

were rvlaliv,.,ly small except for tilt' case wilh
/1/,,--ti.7 (set' sul_st,<'tion ht,h>w vntith,d Accuracy).

TIw coetticient of local skin friction, ¢':, is givt,,i

by ill+`, delininl+Z cquationl"

+,,=r,,, (14)
q+

.1( '0
2 3 4 5 6 8 I0 gO 30 40 5060 80 I00

Reynolds number, R8 x , mHh0ns

l,'uavR,.; 1:2. l{el:llive magnitude of buoyatwy forcP tm

skin-frier ion eh'ment.

Te.-ts at a +ziven Maeh numl>m' were con<luetcd
with a fixed nozzle and test-section geOnletry.

('ons_quetHly, there was a sli_zht variation ill
Math nunlllet' with lh'ynohls mLmllt,r as a result,

of Ill,' varilttic, n ill hmmdary-layt,r tllid,:nt,ss as

shown in figurt, 13. Iu order Io l:,rest, nl skin-

=_ £ He ;urn !

3

O} 2 3 4 5 6 8 IO

J
20 30 40 5060 80 I00

+ + + ,- +__-p

Reynolds number, Re,,, m,JhoP, s

FI<:t'R .; l:{.--Varianion of tuntu'l Math numhm • with lh.yn-

¢,lds llllIllbl'l • for Viii'tolls Ilt)zzll' sl'llillVS.

fn'it'li( n results at tixcd values t)f +",laeh numl>m',

tilt, nwasured skin-friction <'otqllcil,nlts were COl'-

n't"ctt'( })y lllt'llllS of tilt, followin_ ('xl)rt'ssion"

a¢ 7 (

Although tilt, factor (A¢',/AM+) eouM have l>t,t,_l

dett,r:rtitlt,d lly t,Xl),primeIH, it was more conven-

ientl 3 th, lermim'd by lhe T' m,ptlnott (rl'f. 19).
Any errors introduet,d l)y this l_rocedm'e art,

nnnliln:)ol'll:tnlI SinCe tilt' con'n'ecliOllS wen't' aix_ays

|ess thlln 1 percent.
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TRANSITION TESTS TO DETERMINE THE VIRTUALORIGIN

=kS noted previously, the length used in the
('ah'ul,ition of Reynolds numl)(,rs was tak(,n from

the npl)roximate location of the virttm] origin of
lhe t url)tdent boundary layer to liw ('enter of

the skin-fri('tion element. In locating the virtual
origin for sttpersoltiC flOWs, it was ('h'('h,(I to

determine the point of maximum h)('al skin fric-

tion, which is known to t)e near the point of
transition (ref. 29). The point of nmxitnum
local skin fri(.tiott wqs (h'termitw(I by means of

inq)act prohes at tlw wall. rFh('so l)l"()h('s v_'(H'(,

hollow nc,(,(llcs of 0.020 inch (liameler with a

sh)t of height 0.002 in(.|| for l)resst|r(,-sensivtg.
The nc('dh,s w(,re fitted in the lop l)lat(, stalh.

orifices and were adjtlste(l so that, tile slot just

<'hmred tit(, wall surfa(.e. The impa(.( probes at

ill(, wall were located in fixed positions on the lop
plate and the total l)resstwe was varied. I1 can
be shown that :

() =/c-_ '_l!
]k t" I-

wh(,re Ap is tit(, differen(.(, I)(,tw(,en the imt)ac!
pressure sensed I)y the prol)e and the lo('al static

1)resst|re, p_ is th(, settling ('hand)er t)resst|r(,, and

k is a prot)ortiomdily ('onslant. This ('rude

al)l)roximation was adequat(, f<)r tlt(, l)ttrl)ost, used;
it was +tot ne('essarv to ('alihrate lh<, l)robcs, sin<'(,

tlt(, otdy itlterest was in knowing whether the
boundary layer was lamitmr, turl)tdt,nt, or in

transition. Pot' ea(.h ×-station at which tit(, l)rol)es
were !)la('('d, a l)h)t was obtain(,d as illustrated in

the following sket(.h:

-3

_-Poinl of maximum Cf
\

Tt : constant

Probe Iocahon = constant

p,

From tit(, group of l)lOts typified t)y the sk(,t(.h
at)ave, a plot was made (for ('a('h _la(.h mmd)er)

showing tit(, lo('ation at the point of maximum
h)(,at skin-friction +ts a ftmelion of tlw total

15

This type of plol is illustrated in the
sk(,l ('h :

-_ E

c

u

g_

C2 o

_.4C0: constant

With de('t'(,asing htlal i)ressttre, ]h, lh(, poinl of

tr'utsition moves (h)wnst|'(,am and evenltmlly
rea('h(,s th(' element itself. Data were not re<lu(+(,<l

or reporte(I wht't'e ll'tlnsitit)n x'<tlS ('onq)h, te(I at a

(listan(.(, ('loser than N in('hes upslr('anl of th<,

eh,m(,nt's ('enter. This distance <'orresl)on(h,d t(t
at)t)roximat('ly 4 disk dia|||(,t(,rs or to a minimum

of al)proxinu_tely 12 bot||l(hlry-hLver thi('l{t|esses.
This distance limitation w.ts sch,(.l(,(t I)c('aume il

was felt that the ttJrlmh,nt l)otm<hn'v layer was
t)rol)al)ly not in e(ttfilit)ritml (free front historical
efl't'<'ls) over shorter distances. Another fa('lor

in sele(.ting an X im.h mininmm h, nglh of t'utt was

that. the disk (liameter was i'(,(luire(l h) t)e small
relative to the length of nm of the ttH'l)uhmt

t_ott|t(h|ry layt, r, inasmu<'h as the ('o(,fli('ienl of

lo<'al skin fri('liotl as ('ah'ulat(,(I and r(,ported was
a('tuallv an average valu<, over the disk area.

In order to have a convenient mel]_o(1 for con-

verting from l_ez. to l_e_+, the (lata typified 1)y the

preceding skel('h were r(,l)lott(,<l into a working
plot in figure 14 with lPec as abs(.issa, and lh/IhL
as ar(linat(,. The <)r<tinate is tim+ a factor to l)t,

multil)lie(1 1)y I,)eL, to <)hlain tit(, l((,yttohls m|ml)tw

m(,astH'(,d fram tit(' virtual origin, /h'+. The

dolled exhmsions of tit(' ('re'yes are extral)<)lations

l)ased on a <'onstant Resnol<ls numher of if'ansi-
lion which was taken as lit(, valu(, ol)h|it|e(I tl.t tit(,

farthest upslream station at whi('h m(,amtr(,mt,nts
wt,r(, mad(,, Th(,+(, R(,vno]<ls ntlml)(,r+ are a_
in(ti<'at(,d in the figure. II is seen in figure 14

llml tlw R('yn<)hls numl)er fa('tor is nearly tmilv

tlt the high('r l't_,ynohls lHlnll)(,rs. This nit,arts

tint! with SUl)(,rsoni(. |low at high R(,vt.)hls
numl)ers the virtual origin was ('lose to tit(' nozzle

5t;7524 G1 :_
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L
I

f 4

-Heh

i

FI(_I:R}: 14. F,tclor for d.vlermining, Ileynolds lllllll'l)lq"

tm,asured from the virtu'd origin.

lhroal. Except at A1,--9.9, the great bull,: of

skin-friction data were ot)taim'd al Reynohls

numbers greater than shown on figure 14. For

ltwse cases Re_ was ol)lained by sut}tra('ling from

ReL tit(' l'h,y,mhls mind)re' of transition (as lal)eh'd

at lh(' lops o[ lh(' era'yes).
With subsoni(' tlow, a ditferent l)roc('dure was

used for obtaining lit(, virtual origin. The prol)c

te('hniquc described above showed that, art lhe

Reynolds mmd)ers of interesl, lransition occurred
ahead of the oriilce farthesl upstream in tit(, top

plate. Fo[' valcuhllions of Reym)hls mmd)er, the
point of lransilion was laken to be the jure'lion

of the sharl)ly converging transition section (fig.

6) and the fiat plale seclion. This point, was 2.60

in('hcs upstream of what wouht have been the
localion of the nozzle throat h)r sup(,rsonic runs

(tlg. I l ).
BOUNDARY-LAYER SURVEYN

Boumlary-layer sl.ll'VeyS at the longitudinal

position of lhe skin-friclion element were oblaincd

at (4, h of lit(, supersoni(' Ma('h numbers and at
seh,('t,41 Rvynohls mtmhcrs. The surveys were

i)erfo_ reed I)y 1he usual met hod of l)ilot l raversing.
Frequently two surveys were taken simulta-

neousiy, one on ea('h side of the skin-fri(,tion

element. The momentum thickness, 0, was ol)-

tained froln the dellning equation (see syml)ols)

by graphical integration. ('onslant stall(' pr(,s-

sure, ,,onstant total leml)erature (settling ehamt)(,r

temp(,rature), and constant Sl)e('iflv h(,als across

the b,)undary layer were aSStllne(I in the ('al('ula-
lion _,f u and p throug]_ the l)oun(lary laver and

of O. In lhe ('ah'ulations of u *---u and y.=yu,,
_lr P w

/

th(' fliction velo(qlv was ('aleuhlted as u,=_/r'_,
Pw

whel'V rw wits lll('aSllFel[ by the sMn-fri('lion

elelllellt,.

ACCURACY

A.n effort was made to use l)ro('e(lures that would

.give he best possible a('('ura(T of data from the

equipmenl. To l,:eep ran(tom errors within small

houri.Is, skin-fl'i(:lion measurem(,nls wilh air were

repeated live limes, and data with helium, three
times. The st'alter of the ('; data indicated at

prot)v ble random error of approximal('ly 2 p(,rcent.
Possible sources of systematic errors arose from

lit(' (orre('tion for lit(' buoyancy force, from the

eff(,els of a small or im,gular l)r('ssure gradi('nt,

and iu lhe cahmlalion of R_,ynolds number. The

('onllil)ulions of these systemali(! errors will 1)e
('onsi h'rcd in the estimate of the over-all accuracy

(}f ('_
A_ error in the l)uoyancy fore(' ('orrection could

haw, been introduced through not knowing

exaelly the effective area on whi<'h the buoyancy

pressm'es acted, and in not knowing the buoyancy

presstlre over every infinitesimal eh,ment of area.
It is .,stimaled that the t)uoyan( T fl)rce is in error

t)y l,'ss than 10 percent. Since the buoyancy

for('e was generally less than 5 per('ent of the skin-
friclim for('e, and never more than 22 per('ent

(fig. 12), the error in lhe sldn-friction eoeflh'ient
due r o buoyancy fi)r('e (,rror is probably less than

2 I)elcent. As a ('heck on this, a numb(,r of ski,>
fri('tim tests were run at a Nla('h numl)(,r of 4.2

using a disk in tit(, skilPfriclion (qement with a side

pro jr cted area of four times that used in the regular

tests This dis],: gave buoy_mcy fi)r('es /hat were

appr)ximately 20 percent of 1he skin-friction

fore(,, but the sMn-friction (.oeIfi(.ients obtain(,d
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wiih the two <lisks checked each other within 2

percent. From this experience, it_ is believed that
the buoyancy forces at a Math number of 6.7 were

not excessive. (The irregularity of the buoyancy

force trend ni this Math number shown in ti/ure

12 is believed h> be <tue to a slighl wave l)atlern
in the flow,)

The deviations of stntie pressure from zero

pressure gradient as oblained in lypical Jests are

shown in figure 15. The small wave lmt lern at
:1/,=6.7 can be seen. Alsi> shown is a small favor-

able pressure gradient at A1,--2.95. 1)eviaiions

rElemen

,1 8 I 2 16 20 24 28

Di,stonce from nozzle throol, L, mches

(a) l,ongitudinal pressure distributions.

cp

(h) Tr:msw,rse prt,ssure dislril)ulions at vari<)us distances,

L, fr(>nl ll.ozzh, thr(ml.

Fu',vtl.t.: 15.--Typical st alic-pr(,ssure distributions for

Rc,,_. 26X 111%

fl'Olil ZOI'O ])I'('sSU]'(' gradienl of these alil()tl]llS Werp

used in a speci.ll series ot tests nl .11,,--4.2 in order

to (hqernfine lhe elt'elq of small I)rcssure gra<lienis.

1[, was t'()(lil(I thal, the change in (_ froni the zero
pressure gradient case was h,ss lhan lhe small
s('al,ler of lhe dain. It. is I)('lieve(l lhat ,ill <if the

data have a lirobal)h', error in (_ due to pressure

gl'ntlimlt of less than 2 piq't!elll..

Errors in the calculation of Reynolds nun]|i(,r

would ]mvc been almost pntirely due lo err<>rs in

eslinialing the location (>f the virtml[ m'igin. Tile
Irue lo<'aii<m of the virtual origin was l)l'Olmbly

slightly upstream of the l)oint of nmximum ('+,

which was used for SUl)t','sonic flows. I1 se('nis

almost ceriain lhai the virlual origin for super-

sonic flows was never Ili)strelinl of the nozzle

l]lroal. (In lil/v (qise 1.lie boun(hiry hlyer hi|(1 io

lie very thin tit. t.he nozzle throid.) With Sill)el'-

sin|it flows ill lhe highesi. Reynohls inunl)ers, lhe

t)ohil, of intixin/unl (+s (ex('epl li.l ,1[,, 9.9) was

(!lose Io ltie nozzle 1.hroal. (fig. 14). Ii. is t)eliev('(t

l.]llll, lhe prol)lll)le error in |{eyno](Is nunll)er lnusl

hit\+( ` I)(,[,ll lilil)recilil)|y less it|till llio (lulinl.ilv,

l--(Re,../i/eL) {fig. 14). The pi'ot)lili](' error hi

l{eynolds niuntier, i|i(,ii, is sinltll for dill.it Ill

]{eynohis ninlll)el'S nplir l.]ie lil)ii(q' ends of lhe

Clil'W,s in [iglll'e 14 (excepl. itl. 1/,--(.).9). As iiol('d

previously the t)ulk of skin-fi'iclion dllht were

ot)laine({ li.l l{eynolds iilliiiliei's gi'elil(q" lhtili shown

in flglil'e 14 (ex(telil. ill Jl/a=9.()), SO t.tut! 1)rol)lll)h;

eiT01" in Reynolds lillllit)(,l' for all t.ties(_ (hila ]illlSt

]liiVP t)OPll sinall, ltViih dl_(q'(qlsiilg Rl,yno](1s llllill-

t)ers lhe qllllniily, l--(lTe:,-IlleL), illld hen<'e file

problibh, error beconles progressively grelller.

l)aill wiih /I lurbuh,lil t)oundary-layer lengih
between S and 14 inc]les (0.34_lle:/lle_._().60)

Ill'0 S}IOWII wit.h /lagged syinllols in the skin-friction

plols lo (lenol.e lhal: l.]iese (hi.lll ill'C' nol liS ll('(qll'ill.t,

llS t.tie higher l{i,ynol(]s Illllill)ei' dlila. As llleli-

iioned t)reviously, (lalli wil.h li llll'bll|l,lll. })olln(|al'V

]englti of less lhan 8 inciies (lge/12es,_0.34) iil'(' liOf

rel)orled. Ai Mil('}i lillliihel'S oi, her ihan ,1t.9 ii is

eslilnnl('d ilinl, for llu' llnflligg(;(t (lililt /_' /" "_"[/i Pz/ /i/' L/+_

(I.60) lhe probld4e errors in Reynolds him|her are

leSS i]llili 6 l)(q'l'elil Ill the tiighesl, lleynohls nuin-

llei's ||lid less lilnn '..?5 I)ei'cenl lil l|ie lowesi Rey-

]lol(]s lilllllt)(,l'S. AI ._[a--(}.9, l.]l('S(' l)rol)al)le

elTOl'S _t1'(' esliniltle(| Io t)e less l|ian 15 l/ll(I 7D

pereenl, resl)eclively. Since lhe slope of II plot

of lolz ('+ llgllinsi h)g 12e: is nliliroxinllilely --1/5,

lhese errors <,orr(,spon(1 lipl)roxinllitely to errors ill
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(':-()f 1 antl 5 lwr('('nl at Math ntumbt,rs ()t h(q' than

(.).9, and 3 and 5 l)t'rcent at JI,+=(,F,(,L

With sul)sonic [h)ws, at the Reyn()t(ls numl)(,t's

tested, tilt+ vit'lual origin was upslr(,am uP the

fat'thest tq)stt'('am orifice in the top plate. It is
l)(,litwod that the virlutd origin was not tt[)sit'(+am

()i" the point assumed (1)e_itming of the [htt-|)htl(,

section) |)y any large alllOllllt sinct_ this wouhl

have put the virt u+i[ origin in a rapidly converging

tt'ansition section (fig. 6). It is Pstilnttttqi thal

the Im)Iml)le OITOI+ in ht(,vnohl+ tmmlwr for sub-

sonic th)ws was tess than 15 pervenl. This would

('ovrespon.(| to a l)t'ol)al)h' (qTOl' i)l (': of ttl)I)roxi-

Illalt'ly ;) ])('t'('('l|l.

It is (,stimat(,(! Itmt, for' all Xbu'h tmml)(,rs, th('

total l)t'oi)al)h, error in (It(' mt,asm'(,(l sl<in-friciiotl

<'o(,ffi('i(,nts is h'ss than ,5 l)(,t'('(,nt at the high('st

R(,ync, hls )mml)t,vs ;tllti l(,s._ than (+ l)(,r('('nl al lh('

]()west tmlla_g('(l l{(,ynoh]s numl)(,r+. No attempt
Ires l)t,en lint(l(, h) (,stinla((, lh(' a('('Ul'a('y oi" tlt("

+h).g_('d l)oint+. With (l(,('rt,asing Reynohl+ tmm-

l)(,r+ th(:se poin(+ l)ecom(, i)t'ogr(,ssiv(>ly less _).('('tt-

vat(' and t('tt<| to l)e('ome ('rrtttic, as not('(l ])(']O%V Ill

the st!c.tion, TF]ST RESIYI:I'S ANI) I)I,"+Ct'S-

SI()N. Th(,fa('( that thel)t,sl a('('t+ra('yisol)tained

,'it tlt(' highest Rt'ynolds nunil)el'S is l)rol)ul)|y

for'titan.re, sin('(, lit(, high(,st Rt,yn<)hls nmnb(,rs are

in ill(, rt,gim(, of g't'(,at(,st inl<w(,sl,
l'rol)al)h, (,rt'ot's i)i l)otm(hlt'y-lay(,r thicl,:N(,ss ov

mt)m(,nitml thi(.kness art, (,stimal(,d to l)(' (,quiva-
lent to et'rors in llt, vm)hls nutnl)er aml thus to hay(,

a[)pt'oxinial(,ly tht, sam(, l)ro|)al)]e (,rt'or.-; as lll,yn-

o](Is nuni|)er. Tile l)t'ol)allh' (,trot in 0, tht, n,

l)l,('olnt, s gt'eat(,r at th(' h)wt't' ]+_eynohls numl)(,r+.
In sonlo (.lisos sitnultlln(,<)u.,.; l)i'olih,,,s Wel'(, lll],;.(,tl

on (,ith(,i' +i,h, (if ill(, +kin-ft'i('tion (,l,,ment. Span-

wise vat'iations in 0 averaged al)l)roximalelv 12

l)er('ent an(l it is l)(,[it, vc(l that tran,,.;vers(, ,:aria-

lions itz ill(, virttta[ ori+zin lo('ali<)n existe(] across

th(, (c:t +(,('tion v.'i(llh. The maximmn Sl)mlx',isc

variation in 0 was 14 l)(,t'('enl and o('('tm'e(l at n

[()w Rt,vnohls nttmb(,r with a i'al)hlly shifting

vil'tual c)rigitl ([ig. 14).

TEST RESULTS AND DISCUSSION

The (hlta l)reseni('d show (hi, (,ff(,(.ts of Xla('h

nUlnbet' and lG,ynohls ntnnl)(q' on h)cal skin
friction with adia|)at+(' ('on(litions at tlte wall.
Th(, effe('t on the ('oef]<]('ient of h)('al skin friction

of wtrying till' wall t(,ml)(,rattm, was not in('lta(le(l

hl lh(' ,,+.('ol)eof the l)res(,nt s(,rit,: of t(.,sts. Sin(-.(,

this effe('t can I)(, ]ar_ze trader ('(.,train con(liiion+

(ref. I!)), tile (tara as l)r('s('nt('d, should not l)e used

(]ire(qly to es(imate the coeffi('iettt of ]o(-a] skin

friction in a nonndiahaiic l)oundary layer.

EXPI+]I_',IMENTAL DI+YrERMINATION OF THE EQUIVALENCE OF
._,IR 3 ND IIELIUM IN THE TURBIILENT BOUNDARY LAYFR

"I'h(> l)ttrl)ose of tile first phas(, of the testing

l)ro_r+L tn was to evaluat(, the ('quival(,n('e of air'

an(l helium in the ttwl)uh'n( l)otm(lary layer.

This was clearly n(,('essarv [)l:'ior to settin_ Ill) iltl

('xlensive testing ])rogram using h(,limn at the

hi_zh('r NIa('h mmll)o)'s. The t,vahmtio)l of (,quiv-

ah, n('e was nia(h' fl'l)in oolnl)tirisons <if skin fri('-
lit)ii lili<| [)i'o|ih,.,-; fl)l' ])l)lilldiii'y- ]liyl'i'.'-; ili all' lilili

]leliuni. "I'll(.' air t)oundili'), hly(,l' WilS li.l il free-

sli'(.,llln +Xltil'h nunll)l,r of li[)pl'oxiinlll/,ly 4.2,
whoi'ei._ lhe helitiin l)ounlhlrv laver was ill lin

livliill] fl'eO-slrolliii Xilll']l nulii|)l,r ()f lil)l)lT)Xiliil/ll,lV

3.2;_, or lit till equivah, ni, ilil" +Xhivh iillln])t,i',

=l[_, of appi'oxiniillel3" 4.2. Siiive this eOlnl)llrison
is })etWel,n ]ieliuin and liir lit wind-tunnel teni-

l)oi'aiures (T_til)0 ° }-{), lilei'e is itle l)r(,viouslv

disctl.-_e(I niisnililch in _(_') I)t'lwo(.'n ill(, IWI) gli_l's

in tti( |)Oulidlii'v |avers _lit ill(, wall, ,_.,q_,lr_----1.5

_"Ho)'

Fig ll't' 10 sllows tile I'l)lnl)lii'isI)ii of s|dn-fri('lion

l'/,sull ; ol)litilied. |n f]gili'(, lti(a) lil(' t+Oiill)ili'ist)ll

i,_ nlli |e l)elween skin fi'iciion for air llnll [teliuni

tlOlllidllry" hiyers ils li+ fllli('tioli of the Reynohls

litliil})l,l" ])liSt,l| Oil fi'oe-S[l'('lilli vis('osiiy linll (loll-

sit,v, :A', (which is (he Slllll/' iiS /i>el ill ihl' skin-
ft'icticn eh'nielil). It is S('t'll l]nit ill(, hwlll skin-
fi'icticn cl)elliVielits for llh' Illltl ]il'liunl fall Oil

esseniia||y (.)n(, (qli'VO. In figui'e l(i(b), wllei'e ihe

siiln/, ooinparison is miide lis Ii function ()f lh(,

l{evil_)hls lillnl|)('i', 17eu., |)lis('(t ()li wllll vis('osiiv

lilid densiiy, ill(' ll(,lium t)oinls fall li few 1)oi'v(qil

li|)ov(, tile liil" ])OililS, bul lhe lit_i'(,olii('lil is s(ili
relisol,iil)ly 7ood. AIl}ioug]i l[te reasons fOl' il

live ntl kiiowii_ it st,Olil_ elelil" lhlil tile skin-fi'i<'t i()ii

diilil cori'ohtle slightly t)ell('i' whell ]_ev)iohls

ilUlil])'l' is t)lise(l Oil fro(., sll'olilil riilh(,r lhiili oii

walt )i'ol)erlies. ('onsoquenlly, the fi'ee-slrellin

Reyn()|ds iitllill)el' is II.'-;('d ill ill(' sll])s('(luolll

fiTur(, ;.

Botindai'v-lay(,i' 1)i'ofil(,_ foi' b()lh air lin(I h(,liuni

tit liti equivll]enl tlh' .Xhicti liUlnl)er of 4.'- > lili(I ill

(,qllit| value. +, of t[l(, fro(,-stt'(,ll_nl }{(,.vno](Is litllll})(,l'

tll'O (')lil[)lll't,(I in figure 17. Th(' ])rotih's w('l'('

(l(q('l'iliin('([ fi'onl Slil'V(,3s ilik(,n ll(,lil' ih(, skin-
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friction (,lolnent. In some cases the profih,s were
determined from surveys made sinmltan(4)usly on
either side of the element. I)tltl|l from these sur-

veys are shown plotled in figure 17 (a) and (1)) and

are labeled north probe and south probe. An aver-

_|,_o ()btail/(,d 1)etween the probes is given in figure

17((.). It was r(,aso,mbh, (o use this average
since the fri('tion veh)('ity, u,, was ('al(,ula(ed from

the shear st, tts(,<l 1)y the sMn-fri('lion eh,nwnt

(whi('h was not at lh(, exa('t lo('ation of either

l)rol)ej.

The darn in figure 17 show thai the nit nnd

heliuIn profiles are ahnost i(h,nti('al. In parts (a)

and (b) of th(' figure, the smM1 differen('(,s al)l)e_r

1)rimavily in the t)orlim_s of the profiles near lhe
5(;7524 61 4

wall. This is no( surprising since with e(tual
fl'('('l.'4| l'('llln t{oynohls n uml)ers ther(, is a mismal(.h
near the wnll in lhe dimensionless vis('osilies ()f

air and h(,lium. In I)ar( ((') of the figure tim

difl'(,rent'(,s are gl'('att'sl I11'11,1'the edge of the
I)(mmlary layer. This is a ('onsislent result with

lhal of Imrls (a) and (b) t)e('aus(, ill Imrl ((.), y*

has t)(,(,n not'nmlized on the basis of a wnll (lUanlily,

u,, and diffm'en(.es in (he I)rofih,s should show Ul)

mosl I)vominently .w:Lv from (he wall. Although
the air and helium l)rolih,s are vow n(,aHv the
same, the ('ahqdatt,d values of (ho momentmn

thi('l,:ness, 0, do not ('orrehtte l)erfe('tly as shown by
the tabulation in tigur(, 17. This wu'iation in 0is
of 1he same order as t tl(, ( ravers(, vari_,l ion in Oob-

tain(,d h(,tween the norlh nml south I)rol)t's and is

('()nsider(,d to 1)(, e(lUivah,nl lo n I)VOl)nt)h, err(.'

in lhe (,vahmlion ()f R<vnohls ..uml)ev, ns .()led

Im'viously.

Despite the ('Mcuhned difl'eren('es in 0 values,

the data presented in tigures 16 and 17 arc ('onsid-

ered 1o form an experimonta] verifi('ation of thr
e(luiwdt, n('e of air and holium in lh(, ('onsl_lnl

pressure turl)uh,nl ho,mdarv layer. The good

agreemenl t)(,lween ('_ Vfllll.l('S, ill spit(' of till'
mismat('h of ,_(_"), imlicates that the (url)uh, nt

.H,:in-fri('lion ('oetti('ient is not overly sensitive to

variations in _'(7"). This fm'th(,r implies (hat

valu(,s of turlmh,n( (} in air are liO| Imrti('uhu'ly
sensitive to the temperature levels of lhe air and
that windltulmel dal,lll laken with air shouhl 1)e

pl'a('livally valid fi)r nit in llight (wilh ('onlinuum

('onditions). At (he higher Ma('h mmJmrs, wind-
(ram(,1 dala, laken with h(,lium shouhl t)e v.lid

for air in flight sin(,(, the _'(7') nml('h I)etw(,(4._

helium _|lll(I flighll air is tmlh'r than the match
t)elwe(,n helium and wind-tunnel air.

SKIN-FRI(YI'I()N RENUI, TN

['sing lh(' ('on('(,pl of the e(luiva]en('(, of air and

h(,lium ill the tuH)uh,nt l)oun(hu'v hty(,r, skin

fl'i('tion (hHa wt,r(, taken with nit Ul) to an (,(luiv_-
h'n( air *la('h numl)(,r of 4.2 and wilh h(,lium a(

th(, ])iglier ('(luiv.h, nt air Mad) numl)ers. Th(,

I'O_lllls, t)l'('s('nh'(I ill sovlq'tll WlI3"S , 111'(' Sllllllnltl'izl,d

in tigures lS ihrouc.h :21, i.whtsive, gadl eurw,

is lalwh,d wilh ils al)l)rol)riale equivalh.nl nit
Mad_ mind)e,', M_.

As l)r(,viously (lis('uss(,(1, lhe ('o(,lli('i(mll of lotml
skin fri('lion shouhl l)(, (h'l(wmin(,(l as a fun('tion of

(h(, R(,ynohls ),uml)m' measur(,(l from (h(, vi,'lm_l
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origin, lhv (with th(, other l)ar,tmeters hi'hl tixed).
tlowever, it is also of interns! to observe the sldn-

friction data as it was obtained, with the Reynolds

number h'ngth measured froln a fixed poinl in the

wind tunnel. These data are presented in figure
18 with the Reynolds number, ]_eL, m_'asured from

the nozzle throat. (For consistency, subsonio
Reynohls numbers were also measured from this

same location for this figure.) Figure 18 shows

the type of data obtained when lhe Reynolds num-
ber is not corre('led for the location of the virtual

origin, and it also shows the transition ('harn('tmis-

ties of the wind tmm(q. The solid data poinls to

the left of the l)('aks show transition in proc(,ss but
not ('omph'l(,d; these l)oints (lo not tel)resent lur-

t)t|h,nt daln. The solid points to the right of the

peaks represent turl)uhmt (htta, but with transi-
lion less than 8 in('hes ahead of tim el(relent ('enter.

The solid points 11r(']lOt. (_onsidered represenlaliv(,

of fully turl)uh,nt tlows and are not shown on any

ol h(,r figures. As mentioned l)r('viously the flagged

points rel)res(,n! turbulent data with transition
bclw(,en S nn(l 14 in('h(,s ahead of tim element ('en-

ter (ReL--lle_>0.40 ]:eL) and are of lesser n('('u-

racy th,m the high Reynohls number (lal_ with

transition farther upstream (ttnflagge(l points)
these points are also flagged on all subsequent

[igures. The (mrv(,s of figure 1S are no! (:onsidered

to represent mfiversal relationships b('tw('en local

skin friction and R('ynolds l|uml)(,r since lh(, ttow

was not turbuh, nl over the entire length on whi('h
Reynohls numl)(,r was based.

With the R(,ynolcls numt)er measured from the

virtual origin of the turl)uh,nt boundary layer, the
r('lationshi I) t)etw(,en (': and Eel. is t]w universal

one. The (lain art, l)resente(I in this form in

figure 19. It is seen lhat th(, flagg('d l)oints tend to

I)e('ome somewha! erratic at the lowest Reynolds

rluml)ers (which ,r(, difficult h) (hqermin(, a('('u-

ratelyaspreviously(lisrusse(I), it is thought that
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I;1GURE 18.--Variation of thtt-l)hth, lurhuh'nt skin friction with l{eynohts mmfl)er base(1 on length from nozzle throat.
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whi(']_ faired curves rel)n,senting the present, datq

are, c(_mpared with faired curves represen[ing dal'l

laken I)y _c]mltz-(h'unow (ref. 30), _mith 'rod

Walk,'r (ref. 4), and Coh,s (ref. 29). It is noted

that tqe COml)arison is reasonat)ly good in all cases.
At 3L,--0.20, tile pl'eS('|l| (]_||_| }|]}({ |l]le sul)sonic
data )f Schultz-Grunow and ,_mith and Wnll,:er

fall o|, all||ost the same curve.

It| )er]laps the most COrlw'nie|l[ fi)rm, the pres-

ent (I th| are summarized in tigure 21 showing the
ratio .)f Ill(' local skin-friction coelticien! to the in-

comI)'essit)lc h)cld ski||-fl'iclion c(|elti('ien! (Khr-

mhn-,'iclloenherr) at, t]|e same Reyn<)hls nun|l)er,

<':/(':,, as a function ,)f l{eynolds numb,,r, l;e_.

Coral arison of Ill(' levels of the ('|lrVeS shows tlhe

' / _ ?klly]tl.l'g(' elrre('l of ._[a<,h ilillnl)|'v Oil ( f/ ( / ,

l{cyn,d(ls numl)er eft('('[ on (':/C:_ for _lgiven Math

nm||hor can be seen to I)(, smtdl, h| examinin_z the

m|ltaVge(| points, it is difllcull to discern any str<)ng

Reyn )l(Is mimt)er lrend with||| the scatter of the

eXl)ermental data. It al)l)ears t|n|l for nll l)rac-

ti<ml I)urposes, ('.:/('y, Cl|n 1)e regl|nh'(I as inde-

l)en(h'n( of Rcy)|ohls nt|mt)(,|'. This is the sl|m(,

resul! as that l)reviously ol)tain(,(I Ol| I)o(ties of
revol |lion 1)y ('hal)man a||d Keste|' (ref. IS) over

_| mo 'e limited range of test conditions.
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COMPARISON OF EXPERIMENTAl, RE_I.!LTS WITH METHOI)S

O! < CALCULATION

The eXl)erinu'ntal values obhdm'd for the roett_-
rirnt of hwal skin ['rift|on were rOml)ared with the

rcsuhs of four methods o1' r;th'ulating local skin

frirtion in the ('onq)r(,ssil)lc turbulent l)otm(lary

htyt+r: th(, T' metl]<)(I (ref. 19), the method of Walz
(rcf. 31), the Van Driest method using tit(, "Pramh]

mixing length (ref. 21 ), and the Van Driest method

using the Von K/,'mSn mixing hmgth (ref. 32).
The four methods are not m,('eSSal'ily (_onsi(h,r(,d

"best" I)3' the ltll|}IOl'S, 1)ut were s(4t'rt('d ;ts being

representative examples fi'om the large mmflwr of

metho(Is 1)rop(_sed fiw ral('ulating skin fri(qion in

ttw roml)ressible tm'buh'nt boundary layer. The

I
6

I
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Reynolds number, '_ex, m_ll,ons

(a) 31,,=2.95

II)) 31,, -- 4.2

(c) M.:6.7

((t) M. -- 9.(.)

60 80 10(

].'lc;rm.: '2'2. ('alculated (_,,,"(-'y_ comparrd with (,xp(.ri-

mental ('r,'(_i.

romi)_ risons are shown in figure 22. I. ('ah'ulating

th(' or tinate, (':/('6, lh(, ('h vahw in all rases was
t.kt,, as the Kfirmfin-Srhol,nherr value.

It ir noted Ihn! of lhe fore' melho(ls the T' (in-

lermetliat(, ent/mlpy) method al)p(,ars to give lhe

I)(,st ti: to the CXl)erin]ental (htta. Th(, 7" mt,thod

IIS,('S il lll('ltll,",:, l'('f('l'(ql('(' |('lll[)(q'It|llr(' |o eva|tl)l_l(,

lht, l)lysical ])rol)l,rti(,s of Ill(, gas. It was origi-

nally used by Rubesin and Jo|mson fief. 33) for

l.minar flows and was adal)tCd to turlmh,nt, flows

by Eel,;(,rt, .':,omm(,r and Short, and (>tlwrs. The
constants used in lhe ('alculations arc thos(; (leter-

mined l)y Sonm.,r and Short (r('f. It)). (('onst.'mls

()l)lair_'d t)y other investigators (h) m)t ('hang(, the

r(,sull,, mu('h.) 11 is see, that tll(, eXl)('rim(,nlal

data and the T' ('al('ulalions agre(, r(,asonal)ly well

alt]lotlg}l tit(, tl'('ll([S WJI}I ]{('ynol(ts ll/llll})('z" 1t1'1'

not in ('omph, t(' affreem('nl. The results of tim T'

('al('ulations are somewlmt aft('(') ('(1 by |tie viscosity

t(,nll)(,rature r(dationslfi t) used for the gas in It.,
I)oumlary layer. This means tirol t]n, results for

air an,l helium ",,,ill dilh,r dig'hlly. TI., results for

air ar, also aft'e('t,,(l l)y tile l('ml)('ra/ur(' h'v('ls of

tl.' ain (T, or To) sinr(, the (liml,nsionh,ss viscosily

leml)e'atur(, r(,lali(in,,ddp for air (h,l)(,nds on the

teml)(,'atm'e h,vl,t usd. Th(, T' curves in figure 22

were ,'ah'ulated for air at win(t-tram(,1 tempera-
tm'rs to ('ompar(, with data tal,:('n at (,quivah,nt air

3larh numbers of 2.(.)5 and 4.2; the T' curves

w(,r(, (al('ulat('(I for h(,lium to compare with dqta

taken at equivah,nt air Ma('h ]mml)('rs of 6.7 and

,%9. ']'hesl, (.al('uhdions ('orr(,sl)Om[ to ll.' a('tual

rulmil g ('on(lifions i, the boundary-layt,r ('ham.,1.

'rhc (,iF(,cts on the T' results of (litt'(,rent tempera-

lure h vels (with air) .rid of changing from air to
h(,liun are shown in figure 23. (). a l)('r('entag_,

(but n )t al)solute) has|s, lhe sl)rt,a(I of th('st' (':/(':,
('HI'V('S i]wr('as('s with increase in Mad, numl)(,r.

('ah ulations of th(' ('o(,Iti('i(,m of th(, h)('al skin

fri('tio _ l)y the method of Walz are also shown in
tigurl, 2'2. Tiff: is a s(,mi(,mpiri('al integral m(qhod
that _ ml<es use (if results (ll)taim,(I from (.ah.ula-

tio.s tf in('omprl,ssii)h, tlows. It is seen in the

figlll'(' that some values of (_/()_ ('ah'ulate(I l)y

this n (,tho(I arc higher and some are lower than

th(' (':q)erimcntal points, i)ut, in all ('as(,s, th(,y

in(.reaw with increasing R(,ynol(Is number at a

given .x,la('h mm'd)er. '|'his trend is not strong,
lint the trend of the ('re'yes _lol,s not lit the (,x-

perim,nlal data (,h)s(,ly. By a visual cxtral)ola-
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],'I_ ('Ill.: 23.--Eff('ct of l(.nq)(,ralur(' l(,v(qs and ._as l)rOl)('r-

ties on skill friction calculai('d l)y the T' )n(,lhod.

(ion, it can I)(, seen iha( (h(,s(, (.ah'ula((,d (.urv(,s

will (,ross (lle (qlrv(,s of (,Xl)('rim('li(a] data al soni(,

R(,ynohls nunil)(,r.

As seen in figure 22, the values of (':/'(4 ('al('u-

]at(,d l)y the Van l)ri(,st ni(,thod wiih l'ran(l(l

niixin<_ h,nglh run (.o)isisl(,)lilv high(,)' ([in)i lh(,

(,xpcrim(,i)tal (hila. Also the ('s/('._, values fall

off fairly ral)idly wilh in(')'(,asing ]{(,ynohls nun>

l)er, wh(,r(,as (h(, (,Xl)(,rim(,nhll (lala. (Io nol in(li('a((,
this efl'(,('t. Valu(,s ('ah'uhli('(l l)y (h(, Vn)i l)ri(,si

ni(,(}io(l wilh Von Khrmiln nlixi)ig h,ng(h ar(,

('onsideral)]y ('h)s(,r lo (h(, (,Xl)(,rini(,n(al (lala
(al(houg'h s(ill a filth, high), and the slop(,s of th(,

(.urv(,s (,orr,t,sl)on(] nlo]'(, (,h)s(,lv l() the (re)i(] of tlm

(hlta.

SUIISONI(? I)ATA AND P(),";,'41IILE ROI_(;IINE.'4.'4 EFFE(!T,'4

Sul)so)li(' data w(,r(, taken l)ri)i('il)ally (o (h'l('r-

nlin(, the 'i('('ui'a('v and villi(lily of (lle eXl)(,rini(,liial

tt'('hniques us('d, sin(.(, (lies(, (lliii/ ('ouhl 1)(, (.oni-

part'(] with lli(' w(,ll-l,:novcn l)roli(,rlies o[ Ill(, Iow-

sp(_('(t turl)uh, ni I)oun(hu'y liiy(,r. St)(,('iti('lilly, i(

wiis (h,sire(I (o [ili(I o111 whi, lh(,r (he Slll)(,i'SOlii('

diitit ('ouhl l)ossil)ly ('Olllllill llll}- l'Ollgillt('ss ('II'('('ts.

]t has })('0n shown that high Nla('h litilill)('t'

t)OUli(liil'_" iliv('i's Ill'(' l('ss s('nsiliv(' lo roligiili(,_s

t.han al'(, stil)SOlli(' [)Otlll(ill_l'V hiv(,l'S (r(,f. 34). The

sul)soni(' li.li(] slli)('i'solli(" ditlil. W(,l'l_ tii].c(,ii with

the slTtln(, lop l)lal(' llll(I skin-fri('iion (,hqll(,lll, so

lhai liie l'()llghll(,Ss_ if Jill3 , Veils iliviil'iliiil. Afiv

1.OtlgiillOSS (,tl'(,(qs, lh(,ll, would Ilpl)(qll' inosl.

sti'Oligly in lh(, sul)sOili(' dlitli. As is w(,ll I,;liOWll,

W]l(,ll al)l)r(,('ili})l(, ]'Oll_Jlll(,Ss (,xisls, Ill(, sul)solli('

skiii-fri('iion (qli'V(, shou](l, wilh in(,reasiilg Reyn-

olds illlllll)('l" for a fix('(| hmgth, (liverge upv,:li_r(l

froln the (qu'v(, for li sinoolh surfli('e and ev(,ntuallv

l)('('OllI(' horizonlal. ...is s(,(,ll in figur(, 19 the

sul)sonic (taia (,xhil)i( no Sil(']i roughness effe('is.

I( is lht,l'(,fol'(, l)(,li(,ve(l tliat ill(, sup(,rsoni(, data

Ill'(' fr('(' (if l'Ollghll('Ss ('ll'e('is.

BOUNI)ARY-LAYER PROF'II, E_

Although tim liliiili purpose of this r('s('lli'ch Wits

1o ot)lliili liil(l r('por(, skin-fi'i('lion iil('llSlil'(,lii(,nls,

it ',,VIIS ('leilr| 3" of inl(,r(,sl IIISO |O S('('tll'(' SOlll('

l)oun(htry-lliy(q" profih,s wlli('h would ill h,l/s(

l))'ovi(h' ii (tuilliitliiv( , "look" a( lii(, })OllII(]ltFV

hl3"(,rs being slu(ll(,d. Tyl)i('al lirollh,s lir(, siiOWli

in figures 24, 25, and 76, (lie ('()ortlintll(,s in figure

74 being JI/J[, liTliiiisl .#i/'0, lh(' ('oor(linlil(,s iii

flgur(, 75 })(,ing _l"f". ligllinsi y/O for ih(, siilll(,

l)rofih,s, whih, in figure 26 the _IIII1(, t)roflh,s iigiiill

W(,l'e 1)h)lte(I wiih _l* i/giiiiis( //*.

Th(, MIM'. liglliliSl _//'0 1)lois in tiglir(, 24 i'(,pr(,-

sent (]illll (lir(,cily i'('(]ll('('d frOlll I)iloi ll'liV(,l'Si,s.

I( is S('eil iliiit all of the .I[,I.l[. 1)roflh,s are soln(,-

whi/1 shni|l/r ili shlip(,; ]iow(,v(,l', soin(, vlii'ialion in

siuil)e wiih (']ililig(, hi Xlii('}l IiIlinh(,r ('llll })(, s(,(,ii.

A (l(,('relis(, ili 0/8 with iiier(,lis(, in Xlil('h iillliil)(,i' is

rell(lil3 re('ognize(I. -{|so ii is si'('n thill .I/,/L1/,< Ill

lhe ('(Ig(' of i lil' sut)iny('r (l('('l'('il.S(',_ wii h illi ili('l'('ll_(i

in Mii(']l nunll)(,r. |n l)hysi('nl diineiisions Ill(,

Sllt)ili3(,r h(,('oliies ihi('k(,r wilh liil iil(T(qis(, in

Xlll('h 1111111})(,i' lillhoul_h liii,_ is n()l i'(,li(tiiv s(,(,ll

fl'oiii Ill(! iioi'nililiz(,d ('OOl'(liiiille._ us(,(I in lh(, lilols.

X'o ('orr(,(qion,q wiq'i, lna(h, lo lh(, ])ilol r(,lt(liligS 1o

li('('Olllit for (h(' thi(quliling (llll'l)ll[(,iil) ('Olii|)Oli(,lil.

of veh)('ily sin('(, ii WilS f(,li ililll lh(,s(, ('OlTel'lioII.q

wouhl t)(' Slllitll illi(I wouhl I)(, ](,ss liillli lh(' ('x-

l)('l'illl('illli| s('litl('l" of (lie (]illli. If lli('s(' ('(')iT('('-

lions had been lnil(l(,, the Mll(.h nlunl)(,rs lit,ill'

ltl(, wall woul(i ]iliv(, })(,('11 r(,(lll(,(,d })3" 11 f(,w p(,l'(,(,ll|

sin('(' (lie pih)l I)ro})(, S('Ii_('S vilhl(,S [iigli(,r (}llifi l]i(,

lira(, lii(,lill ill luri)uh,n( flow. Also, llS ([is('uss(,([

I)(,hiw, i( is 1)elh,v(,d ilitit (lie llll'g(,sl (,1'1'o1" })3" fill',

is (hal of liie ([istorlion of t]i(, })oun(hirv laver (lii(,

(lue Io ([I(" l)r('sen('( ' of the l)ro})(,. As o])s('rv(,({

i)r(,viously in (lis('ussion of figure 17 ii ii'lliisV(,l'S(,

vllriillion in ill(, viihi(, ()1t" £7 of lll)l)roxilniil(,ly 11

l)('r('('n( ci/.ll also t)(, seen iu figure 24 (tl) whi('h shows

Slll'V(,Vs tllk(,li Oil (,itil(,r sid(, of the skin-fri('iioii

(,](,lil(,lil. Th(, protih,s llgtliil fail log('ih(,r w]i(,li

I)Ioi((,(I Oil II. y/0 1)asis.
Th(' I)rofil('s in _glll'(' 7,_ ('OlIV('V ('ss('nliallv (lie
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same infi)rnmtion, i,l somewhat difl'er(,nt fro'm, as

tim l)rofih's in figure 24. The velo('ity, u, was
(.ah'uhited from the pilot (hlta 1)y assuming a

(.onsial,i total tenll)erature (st,tiling ('hanlber

tenilieratur(, ) through the boundary layer. This

assunlt)tion, slightly in error, gives ('almihlt(,d
vt,h.'ities ,is niu('h as al)t)rt)xhiun('ly .5 p,,r('(,,,t

ttlo high near the wall (assuniing the Ililoi Mac]l
nunll)er is (.ttt'l'(,('t). With 1)rotlh,s t)lotied on

a tlinl(,i,sioi,h'ss vehi('iiy basis, the I)oiitts are

mort, spread out nvar the wall (in the _ul)In.vt.r)

than when plotted tm an :U/:II+ basis, ,is in(is! of
the vt,hi('iiv gradient o<'('urs ill lh(' wall ll()l'iioli

(if lit(, 1)oui,dary layer.

Also showl, (in each prt)tih, in figures 24 and 25

is a straight line h'oni the origin with slol)e (Mer-

tlii,lt,(I by lhe (lirt,<'fly In(,asured (.o(,fti<'ii,nt of h)('al
sMn f,'iciio,t. (.Where l)rol'iles h'<)ln north ,uid

south 1)robh's are SUl)t'l'l)OSe(I, av(,raffe values of O

wvre used in t.ah.ulaiiltg the sl,>l)(' ol' the straight

line.) It is noted that with inm'(,asing Xla('h num-

bers lht,re is an increasinffdis<'relmn('vbt,tw(,en

the shq)(, (h,du('t,d from sM,,-f,'i('t ion m(,asur,,nwnts

and the al)pat't',_t shq)(' of tht, ,nt,,,su,'t,d ll,'ofih's.

'l'hi_ ,lilf,,n'n('(' is l)rt'sumal)ly not due It) any
transv(,rst, ntmuuift)rmiti('_ in the lhnv as Ibis

dilrt.rt, m.(. was st,ns('d IJy prol)t,s (). t,ith(,r side of
tlw skit_-f,'i('tion (,h,m(,nt. l! is l)(,li(,,,*(,tl that tit(,

direct mt,asurem,,,lts of sl.:i,_ f,'i,.ti<),_ lir(,vid(' the

more at'rural(' (h,lt, rmimltion and tlmt tim ob-

se,'ved dill'err,re'(, is largely due to tit(' <lislortion of

the sttbhtyer I)v th(' Im'sen('e of the probe in th(,
sul)laver. This elf(,('t niav b(, thr(,(,-dinl(,,Mt)tml,

with tit(' sh)wer strearnlines near the wall 1icing

displaced sith,wards and lhe faster stt'(,amlint's
(lo('ated away fr<im tit(, wall) beh,g disl)la<'t'd to-
ward the wall. This couhl a<'('ount for a l)r(d)e

near tht' wall sensing higher velo('ities than wouhl

ntlrmally l)(' expt'('ted. Similar distortions in
tm'l)uh'nt in('onll)ressibh' th)ws have been obs,'rved

1)y a number of inv(,stigalors. G. I. Tavh)r rt,-

ported on experinlents with a Stanton tube show-

inffa Rey,mhls nmnl)er ett'(,('t tin the <lislorlion
(ref. ::;5). \'(m Doe,fl,ott' sh(iwed a similar R('y-
nohls nunfl)er ell'e('t with a total pressure tube in

(.(mta('t with a surface (ref. 36). T]wre are very

few (httu for l)rol)t's ht('at('d away from tit(' wall.

Young and Maas (,'el. 37) mad(, l)itot measure-
m(,nts in a wake, but their (.on('lusion that the

streamline disl)la('em('nt is approximately one-

fourtlt (if tit(, lift)l)(' diameter st,eros too small for

the tutq)uh, nt t)oundary hayer. As pointed out by

Von I)oenhoff, the Young and Mails (lisplaeoment.

is not largo (,hough to lie ('onsist('nt wilh values
,n(,asure(l at the wall (and it, shouhl also have a

l{(,y,,,,hts nulnber ,hq)(',l,h',w,, as d(,ter,ni,_ed froln
measurements at Ill(' wall).

'Pit,' apparent distortion of the boundary layer

near !hi" wall ol)s(,rved l)y the authors is (if the

sam,, order of magnitu,h' as that rel)orted 1)y

'l'ayh_r and Von l)oeuho[t'. In noting tit(' dis-

a ffret,ln(,nt })etwt,('n lit(' measured 1)rolile sh,l)e
near lit(, wall and thv slol)t' th,dtl,.(,d f,'t)nl the sl,:in

fri(qi(m, it is fell thai <'aution sh(itdd lie (,xer-

('ised in 1)la('in,,.,, a hiffh <h,ffr('(' oI r(,liatw(, (m pilot

data in (',mll)r(,ssibh' tlll'l)ltl(,lll flows near a wall.

In Iiffur,' 2tl the sam(, (lala ar(' I)hitt<'(t showing

_Z * ---- _/ 'r'_t _ against y*--y_t_/"_,,.. The north _)n,l

south l)rol)('.-; are not di,_tinguish(,d in this tiffure.
and in tlt,, <'ast,s whert, twt) l)rofih,s were (,l)tain<,d

Sillllt| alt(q)ll,_13", tiviwttg(' VtlIll('S of l,/ all<l 71 were

used n ('ah'uhiting" ,* at)(I y*. Also b,,('attse (if

over(.r'owdinff, points nvar the out(,r edge of the

|)Otltl(I,_lry lav(+l ' Wt,l't, lhinm'd ollt wht,l'(+ llt,('(,SStlt'V

for tl is ligut'e. For I)tU'l)OSt'S of ('Oml)ariso,,, th,'

('urve._, u* y*, and ,.*--5.75 ]off,0y*q 5.10 are

show,, in tigu,'(' 26. 'l'h(, (+t)nsltltHs in lht' lattt,,"

,,(lUatiott (.for int'Onll)r('ssil)h' th)ws) art, o})lai,,'d
l'r<)m '(,left,at'(, 3S. In tlgur,, 26(ff) are ph)tt(,(I tin,,

l)rotil,' for (,at'h Ma('h nunll),,r, all at alq)roximattqv
the s_ mr' l{,,ynt)hls mmil)(,r. It is s('(',l that all of

th(,s(, i)r,)lih,s have nl)proxiniat,'lv th,, s,nnt, shal)('.
With the small anlount of data t)l)tained in the

sulda ,+(,r and at tlt(' ('tlff(' of th,' sul)hly(,r, it <lot's

llOt a+)l)enr tt) lie ii,lssilih, to distinguish a definite
trend with Xlat'h nmnl)t,r of the vari.ti<)n <if +,'*

and b* at the etlffe of th,' sul)laver.
If he protih,s in figures 24 an<l 25 were t(+ lie

arl)it,arily shifted tt_ ('t),'r(,sl),)nd to tit(' nleasurt,d
sl.:in-tritqion values, _ similar (.m','t,t.lion would tie

nia,h, in the ++* vs. y* I)t'(,til('s in tigur,+ 26. This

wouh ('orr('_l)O,U[ to the so-('alh, d Xikuradsl' shift

a,,,1 ,,'(,uhl t/l, of al)llroximat,'ly tit(, same or, h,r ,if

niagtfitudt' (ref. 39). As reported ill r(,f,'r('n('(' 39

Niku 'ads(, arbitrarily shifted his _1" vs. if* l)rofih,s
OtltW:tI'(] |iV a ('oils(all( a,lllOtlllt ,go lhat lh(' points

neare,;t the wall w(,tthl he consistent wilh the skin

fri('ti,,n, in the at,s,,nt'e of data givin+_ a(.(.urat(,

values of t)rol)e-indut'ed distortion thr,)ug]tt)ut the

I)oun, hu'y layer, it wouht al)p('ar that a shift (if

th(, cut(re I)rofih' is not warrat_tt,d, lh)wev(,r, it

shoull lie l.:(,t)t in mind lhat the lira'(ion of the
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},_l(;v]u,: 27.--('Oml)arison of laminar, tttrhuh, nl, and tra]t-

sitional 1)rofih,s.

protile ntmr It., w_dl bt,comes somt,wlml [lislortt.d

by tlt(' l)resen('e of a probe, and tilt' data points

lit'ill" the w.ll .l'e t)rol)ably not t'elit+J)le whih, thos(,

away from tim wall l)rolmhly _tre. Shifting the

entire profih, 1)v a (.onstanl amount wouhl s('ar('ely

1)e no;ie(.(I for points far rl,mov(.d from the wall.

1)ut it word(I, of ('ours(,, aff('('l the poinls nc.r the
wall.

As i tmqt(,r of inli,t'est, figt]r(, 27 Ires |)(,(.]1 in-
('ht<h,( to show _ <'Oml)nl'isotL })(,twel, n n ttwl)uh, nt

prolih, a _r+msilhm+_+ pr+_tih,, _;++,rl t+,t,+':+,d+'+,Ph._(,+J

]amin,tr l)rofih, (r(.f. 40), _tll t+t ttl)l)l'oximate]y thl,

s.m(, l{(.ytlol(ls nttmh(,r frl)m tlw t_ozzle throat.

It,lL. ,rid all .t ('qtfiv.h,ttt Mr ._hu'h tHmd)(ws ne+u'

10. It is of inlt.rt.st to note tirol tilt, slope of till,
strMg _t line (h'du('('d from skin-f]'i(.tion mt.ttsurt,-

ment_ ('ht'('ks r('_somd)lv well with the w_tll sl<)l)(,

(if lit( trm_sition.l profih,. A_ Ires ])('('npoinl('d

out, lh(,s(, slopes did not ('h(,('k (m('h oth(,]' with

the hizh Xbu.h tmml)t,r lul'lmlt,nt ])rofih,s that wt,re

ol)hline(I, in(.ht(ling th(, on(, stlow]_ in fiFure 27. I1

wouh .l)l)('ar that tilt, l)t'ol)e l)rOdtt(.t,s less (listor-

tion tear lit(, wall for trat_siliomtl })oun(hlry-htyer
l)roli] ,s tlmn for ltu'ht,h, nt l)rofih,._. 'l'h(+ l,xl)lana-
tion t)r this is nut I,:nown.

CONCLUSIONS

Sk n friction was measured in ('lmstat_t-l)re_stu'e ,

adial+ati(', turbuh, nt })ou_(h_rv ]ay(,rs u I) it> a

maxinum Reynolds numher of 1()0_106 (at

i'_1<+=4.2) and u I) to a nmxitntttiti l,quivMt,nt air
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Ma(.h number of 9.9. Air' aud helium were used

as test media. From the data oI)(aiHe(I, th(, for

lowing (.onchtsious have been drawn:

1. It is I)ossibh' 1o set Ul) equivah, ut, c(mStaht-

I)r('ssur(', lurbuh'nt 1)ou.ldary layers using different

gases as t(,sl media. _h,asm'(,m(,nls of skiu fri('-

tion tal,:(m wilh helium agree ('h)s(,lv with those
tak(m with .tir wh,m (7--1):11+ _ is the s'mw for

th(, two gases a u(I wall (,omliti<>us are a<liat)ati('.
2. The v_lriation of the ('o(,Iti<'i(mt of lo("ll skiu

friction as cM(_ulatc(1 by lhe "/" method agrees

I)_lrti('ularly well, whi](, the V_ul Driest method

with Von K,_rm/'m mixing hmglh _gre(*s r(,asomlt)ly

well with ext)erimental dala over the ral_g(, of test

('ondiiious invcs!igale(I.

3. The experimeutM data imli('at(, that the

ratio, ()/(*j-, is essentially iu(h't)('udet,t of R(,vuolds
I1111111)Ol'.

A.'.tl.:s ]{I,:SEhlt('H ()I-::',TER

NATI()NAL AERONAI'TIUS AND _PACE AI)MINISTH.AT]OX

M(_vvE'r'r FH_:I,I), CAttF., J,_e 20, 1360



APPENDIX A

EXPERIMENTAL DETERMINATION OF TEMI'ERATURE RECOVERY FACTOR

Adi_dmtie wall conditions ill the lurbuh, tll

l)Olllld|ll" 3" layers were established experimentally

without _tcltmlly knowing the telnperature recov-
ery factor, llowever, it is of interest to(.ah.ulnte
the l'eCoverv factors as follows:

5/',,,,,--7',.
n_= T v' - (A1)

In move convenient forth:

(A2)
_r= "Y-- !.,_ I _,

2

Experimentally, | he adiabatic wall lempevature,

"/'_.... wns taliel) as the existing wall leml)erature
prior to the run. The ,Nla_'h nunlber was l,:uown

prior to the run from previous measurements wilh

the given nozzle nnd lest s,,c'tion geometry. The
loll/l tellll)el'alllre , T,, was ndjusted |)efol'e the

36

run |,y setting the desired temi)eratur(_ in lhe

heat t.x('hanger. In operalion Ihe heat exchanger

hehi 1he Tt constant within several degrees until

l he heal Val)aCil 3- of the exchanger was used up,

nt whi(ql time the T, fell off rai)idly, and the run
was then t('rminated. The _ulfidmtic ('orldition

was _h,termin(,d I)y lhe consian( W of lhe wall

rein[){ t'_lture during the run. A '2° F ¢']mnge in

w_dl i(_llll)el'altll'(_ during a run was considered

allow_d)le for a(lial)ali(: opet'ation.

Valm_s of T, were initially i)res(,1 by ('ah'ulation

fi'om expe(,ted wflues of ft, Adjuslmenls of 7't

for sut)sequ('nl Hills Wlq'(' ])il.S('(] OI) ('X[J(q'i('ll("(_>

wilh ,'onstan('y ()f wall teml)(,ratut'(, ns (h(, ('ri-

t(,riou R(,('overy flwlors were lh(m ('al(_ulnt(,d

from th(, _w(.(,t)tal)l(, values of T,.

ll('_ overy fa('lors were 0.ST for air n t :1I,, wflues

of '2.93 and 4.2. For hdium 1he ,'e_'overy fa('tors

were )._6, 0.S7, and O.S,',; for J[,_ values of 4.2,

6.7, a ul 9.9, VeSl)e('lively.



APPENDIX B

ELECTRICAL CIRCUITRY OF THE SKIN-FRICTION EI,EMENT AND SERVO

The ele¢'triral ('ireui(rv of lhe sMn-fi'ietion

element and serve was desigm,d and the equipnlen[

eonstrueled m.ler (lit, supervision of William J.

Kerwin of the Ames Researrh (!enter. The

skin-frMion element transducer consists of two

variable induetors whose indtwt.u.ees are changed

in OF,l)OSile dire(.lions by the motiml of a mag-

netic armalure (magnetic return pie<,,) on the

disk (see tigs. S and 9). The armature varies the

size of a small air gnp a.d thus changes the rehw-

t'lnee of the magnetic path.

Figure 10 shows the double tmlanre a-e bridge

and assoriated <'ireuilry used. The relations

]IPCOSSI/I'V fOl' lmhlm.e liFe :

L1 I{.--aR

],z=::R,@ (1 --c_) 1'_ (B l)

Ill ]{,,fOZ]{

L RIO+(i--_)R (B'2)
wheFe

1,_ variM)le inductance of skin-friction eh, menl

coil No. 1

l,: w_ri'd)le imhwtance of sMn-frietion element

coil No. 2

Ro fixed resistances in the bridge

R totM resistnm'e of potentiomeler No. 1 (ron-

stant )

a fractiomd I)art of R

r_ total resista, m'e (variabh,) in skin-fi'irtion

element coil No. 1 (fixed) and pat'tinl resist

an(!e of po/entiomeler N(). 2 (wtrial)le)

re total resislan(.e (varial)le) in sMn-fi'i('tion

(qement coil No. 2 (fixed) and l)artial re-

sislan('e of potenliometer No. 2 (wtriable)

Since the indtwtan(,es are approximately inversely

proportiomtl io the air gap spacing, one can write:

Lt =_? (B:_)

K1
L_ .... (B4)

go--g

_,V l t el'e

g,, gap spacing with llw eh,ment disk i, the

the neutral

neut rnl posit ion

g vnriali<m in gap Sl)a('in ff from

posit ion

l(t constant of propttrtionality

E(ttialion (BI)then redut+t,s to:

g.--g ]{.@d{

g,,+g--l(_i+ ((+ a)-t{

Solving for +_ one <)l)tains

o =2-t" g

Ac_ -- K_.-Xg

_,V]t eI'(_

(BS)

(B7)

E:: R + 2R_
'2g(i1¢

Thus lhe reatlinv of a t'otmter t'tmnected It) I)oten -

tiometer N(). 1 is directly l)rOl)tn'liomtl to the

('hange in the gap sl)acing in the sMtM'rit'tion

elellle]t t.

The t)ridge bala,t'e is ut'('t)ml)lished by tilt atltO-

Inttt, ic dual Imhuwe serve, ()tlc' servomotor is

('on,eete(I to t)otentionwler No. ! and is driven no

as to null the coral)Orient of ])rhlge otfll)ut voltage

in <ltmdrature with the applied t)ri(Ige voltage,

this t'om])onent being i.lrt)(hwed primarily by

i,thwlive md),hm<'e of 1he l+)ri(Ive (eq. (P, 1)). A

stWOlld servt)lllt)|or is ('t)llIle('ted It) ])t)tellliOltleler

No. 2 and is driven so as to null the ('<)ntl)onenl

of bridge output voltage whit'h is in phase with

the applied t)ri(Ige voltage, this eomi)t)nent being

intro<lut'ed l)riImwily t)y resistance unltahint'e of

the t)ridge (eq. (B2)). A 3000 ('ount tlinl con-

nected to the slml't of I)olentionteter No. 1 indirates

the disl)hwement of the disk in the sMn-frietion

eleillelt t.
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